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ABSTRACT
SNAP-8 is a turboelectric, nuclear, space power conversion system using a
mercury Rankine cycle. The system incorporates three liquid metal loops. Sodium-
potassium (NaK) in a primary loop is heated in a reactor, and, in turn heats
mercury in a heat exchanger. The mercury vapor, in the second loop, expands
through a turbine; it is then condensed, and pumped back through the boiler. A
third loop, also containing NaK, transfers the heat from the mercury to a
radiator where it is rejected to space. The fourth loop contains a polyphenyl
ether that lubricates the bearings of the main rotating components and provides
necessary cooling for the alternator, electric motors, and controls.
This report discusses the development progress of the power conversion
system (turbine-alternator assembly, pump-motor assemblies, boiler, condenser, and
electrical controls) during the first _i_ of _Io_. ......._ 3Po-h_ continuous test in
a rated-power test loop was completed. During this test, 50 kw or above was
produced throughout a 170-hr period. Since November 196_, the turbine-alternator
assembly has operated for 830 hr, including 44 starts. Testing in the first
complete system loop was started on 28 May. Once stable loop operation was
achieved, boiler testing was started. Steady-state operation is stable.
F of
NASA STAR Category - 03
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Abbreviations commonly used in the SNAP-8 Program are defined below.
Alternator assembly
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Aerojet-General Corporation
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Digital data acquisition system NaK
Drawing
Efficiency NASA
Electrical generating system NHRA
Electromagnetic NPA
Flight-prototype system NPMA
Flight-prototype test facility NPS
General Electric Company NPSH
Gaseous nitrogen stand
NS
Ground-prototype system NSL
Ground-prototype test facility 0RNL
Heat rejection
Heat-rejection fluid PCS-1
Heat-rejection loop PF
Heat-rejection system PL
Heat-transfer loop PLR
Lubricant/coolant PMA
Low-temperature controls assembly PNLA
Lewis Research Center
Liquid-mercury loop
Liquid-NaK loop
Low-power loop
MIS
Mix-4P3E
RPL
SC
S8DS
S8ER
Mercury-injection system
Bis(mix-phenoxyphenyl)
ether, a mixture of the
six possible isomers of
bis(phenoxyphenyl) ether,
considered as a lubricant/
coolant for the PCS
Pyre-ML, Du Pont polyimide
organic resin
Mercury pump-motor assembly
Eutectic mixture of
sodium and potassium
National Aeronautics and
Space Administration
NaK heat-rejection assembly
NaK pump assembly
NaK pump-motor assembly
Nuclear power system
Net positive suction head
Nuclear system
NaK-simulation loop
Oak Ridge National
Laboratory
Power Conversion System 1
Power factor
Primary loop
Parasitic load resistor
Pump-motor assembly
Primary NaK loop assembly
Rated-power loop
Speed control
SNAP-8 development system
SNAP-8 experimental reactor
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SystemLoop Test Facility 1
Systems for Nuclear Auxiliary
Power
Saturable reactor
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Turbine-alternator assembly
Thermal-convection loop (AGN)
Transformer-reactor assembly
ThompsonRamoWooldridge
TS
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Test section
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preceded by letters of the
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indicate design stages of
SNAP-8 hardware
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SUMMARY
During this report period, Rated Power Loop No. 2 was operated with the
SNAP-8 components listed below.
times are as follows:
Tube-in-Shell Boiler
Turbine-Alternator Assembly
Mercury Pump-Motor Assembly
Mercury Condenser
NaK-to-NaK Heat Exchanger
With this testing, total accumulated test
1407 hr (Hg loop operation)
830 hr
673 hr
1407 hr
1200 hr
990 hrLubricant-Coolant Pump-Motor Assembly
A continuous run was ended on 17 June 1965 that covered 520 hr. During
170 hr of this period, the power produced was in excess of 50 kw. Operational
problems during this report period were primarily in the areas of determining
NaK loop levels, oxide content, maintaining required vacuum, repairing mercury
leaks, determining mercury flow rates and quality, and dealing with incremental
addition of mercury and rubidium to the mercury test loop.
Considerable system information was accumulated. Most of the information
was a result of normal steady-state testing, but some off-design operational
data were collected. Mercury flow rates as high as 16,000 ib/hr were used. A
total of 375 hr of operation at mercury flows in excess of 12,000 ib/hr was
achieved. Steady-state operation of the system was analyzed during a "hands
off" operating period. Typical 4-hr data show only a minor shift in system
parameters. During longer periods of hands-off operation, a gradual flow-rate
change was noted. This was attributed to drift in the flow-control-valve
setting. Transients of various types were analyzed from a system standpoint.
Data include transients ranging from normal startups to emergency shutdowns.
xx
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The most significant problem during this period was the failure of the
TAA on 22 June. This failure is currently being analyzed. The TAA accumulated
running time since November 1964 is 830 hr, including 44 starts. A considerable
portion of testing during the report period was conducted at conditions off-design
from TAA expected operation. The TAA operated at low mercury flow rates, low
power levels, and low exit pressure; vapor quality at the turbine inlet of 65
to 86% was experienced.
Several NaK pump-motor assemblies were operated in NaK for a total period
of an excess of 500 hr. The PMA restart difficulties were solved. A final
closure modification of the cans was made to reduce the number of weldments.
Pump cast housings were eliminated and are being replaced with wrought fabricated
housings. A series of successful hot starts was performed at 520°F.
The -1 model boiler and condenser operated successfully in RPL-2 with and
without the use of rubidium as a wetting agent added to the mercury. The boiler
worked successi_lly in PCS-1 _ith no additives. Looo heat exchanger tests
completed in RPL-2 facility show that the heat exchanger is adequate for use
in the SNAP-8 system. Design and fabrication of tube-in-tube boilers is
underway that will allow better system diagnosis and will incorporate expected
improvements based on testing thus far performed on the -1 boiler at Von Karman
Center, and at the Aerojet-General Nucleonics corrosion test loops.
The PCS-1 Phase II ground rules were established in meetings with NASA on
2-3 March and 6-7 April. A pre-test plan was prepared. A definition and
description of PCS-1 for Phase II is now being established.
First mercury injection to the PCS-1/SL-1 system was made on 28 May.
Several periods of shutdown and repair were necessary before satisfactory
operation was achieved. On 21 June the system was restarted, and boiler
superheat was obtained in a very short period of operation. Boiler testing
was initiated on 25 June and was in progress at the end of this report period.
During steady-state hands-off operation, the system operated with oscillation
for a given function of less than 1%.
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The NS/PCSintegration effort was reduced during this reporting period.
It iS intended that an exchange of information be maintained between the
Nuclear Systemcontractor (Atomics International) and the Power Conversion
System contractor (Aerojet-General Corporation) to enable resumption of an
integrated system test without significant delays, if such a program is
reinitiated.
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I. I_RODUCTION
The SNAP-8 electrical generating system is being developed by the National
Aeronautics and Space Administration for use in various space applications. The
system provides 35 kw of electrical power by converting heat from a nuclear
reactor into electrical energy. Aerojet-General Corporation is developing the
SNAP-8 power conversion system at its Von Karman Center in Azusa, California,
under NASA Contract HAS 5-417. The effective starting date of the contract was
9 May 1960. The nuclear reactor is being built for the Atomic Energy Con_nission
by Atomics International, Inc.
This report is the first in a series of Semiannual Progress Reports and
includes a discussion and evaluation of the technical progress during the first
half of 1965. This series of reports replaces the series of Quarterly Progress
Reports published under the contract from its inception through 1964.
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TT. POWERT,OOP 2 ( T,-21
During this report period, RPL-2 has operated and provided system and
component performance data. The cumulated time has risen to 2290 hr on the
NaK loops and 1407 hr on the mercury loop. The testing operation has been
marked by increased efficiency as noted by the percentage of time the loop
was operational. From 13 May 1965, when operation was commenced after major
reworking, until the T_AA failure, the system ran 388 hr (operational 46%* of
the time ).
The accomplishments have been many - both from a component and a system
viewpoint. At the component level, major component test programs were initiated,
conducted, and reported. The auxiliary start loop heat exchanger tests were
conducted and the analysis completed. The test program on the heat exchanger
is reported in Reference l; the application of the heat exchanger into the
SNAP-8 system is covered in Reference 2. The speed-control performance tests
were partially completed and will be reported in a Technical Memorandum. The
TAA performance tests were conducted and are reported in Reference 3.
Endurance testing in RPL-2 has provided demonstration of component
mechanical integrity. Components included in the endurance testing are the
lubricant-coolant pump-motor assembly, the mercury pump-motor assembly, the
turbine-alternator assembly, the boiler, and the condenser. During this period,
much experience has been gained regarding instrumentation and loop operation.
The testing RPL-2 has provided significant contributions to the overall
SNAP-8 program. The problems of liquid entrainment, boiler conditioning, erosion
resistance, space seal performance, and component mechanical aspects have been
brought to light, and valuable data have been gathered.
Current modifications under way for improved RPL-2 performance and analysis
involve facilities for measurement of space seal leakage, facilities for instru-
ment calibration while operating, and improved efficiency of loop usage through
reliability studies of past failures.
Based on hours of T/A operation and calendar time.
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A s_7_7_ryof RPL-2modifications, repairs, and testing conducted during the
report period is shownas a function of calendar time in Table II-i.
A. DESIGNANDENGINEERING
Design factors have been considered in relation to schedule changes,
installation of additional SNAP-8components, and general improvements in
facilities and controls. The overall goal has been to increase the efficiency
of operation and to raise the quality of instrumentation and data. Basic design
efforts for the various loops and facility systems are discussed below.
i. Primar_ Loop _-
The design expansion tank was changed to include the possibility
of cover gas entrainment in the NaK, and to provide a less-turbulent flow path.
Before the change, the circulating NaK passed through the expansion tank and made
direct contact with the cover gas. In the new system, only stagnant NaK is in
contact with the cover gas.
Flow regulation in the primary loop originally could be
accomplished both by varying pump power and by use of in-line valves. To maximize
the loop flow rate capability, the two in-line vulves were removed to reduce loop
pressure drop. Flow is now controlled by adjusting pump power.
Trouble has been experienced with the expansion-tank and dump-
tank level indicators. The expansion tank uses electrical probes and the dump
tank uses a magnetic float system. Problems were experienced with the electrical
probes shorting out, and the float control sticking. Redesign efforts included
cleaning the electrical probes and substituting resistance probes. The float
control system will be loosened and examined. Redesign is pending an evaluation
of the expansion-tank resistance probes.
Modifications to the gas heater soon became necessary. Because
of delayed burning, much of the gas burned in the stack after leaving the heater.
An analysis of the terminal gas velocity indicated that the velocity was too high.
A change in the gas-metering orifice remedied the problem.
II-2
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Evaluation of valves for NaK service is in process because of
past leakage problems. The valve to the dump tank has leaked internally. Ex-
ternal leakage through bellows has also occurred on the NaK valve in the heat
rejection loop.
Subsequent to completion of the auxiliary start loop heat-
exchanger test, one of the welds ruptured that was connecting the heat exchanger
to the primary loop. Since heat-exchanger testing had been completed, the unit
was removed and replaced on the primary loop side with a pipe spool. The heat-
rejection-side lines were capped off. The pipe spool replacing the heat exchanger
was analyzed to determine whether or not loop-imposed stresses were responsible
for the weld failure. The heat exchanger was found to have been overstressed.
Redesign of the primary loop is presently under way in
preparation for installation of the tube-in-tube boiler and the parasitic load
resistor.
2. Heat Rejection Loop
The heat rejection loop was modified to achieve the maximum
possible flow rate. An in-line valve was removed, and control effected by
adjusting pump power.
Evaluation showed possible leakage through the auxiliary start
loop heat-exchanger lines. Leakage through the heat exchanger makes it impossible
to determine the accurate heat rejection rate of the condenser. Consequently, the
heat-exchanger lines were capped off. The desuperheater lines were also capped
off at this time.
To protect the purification system cold trap, the fin-fan
cooler was modified so that the hot air discharged from the cooler would be
deflected away from the cold trap.
The expansion-tank and dump-tank level indicators were
redesigned because they did not accurately measure the NaK supply. As a result
of one such failure, the NaK level was not known and the pump was inadvertently
run in a cavitation condition. Under cavitating conditions, an EM pump can be
damaged at the throat due to overheating. The newly designed level indicators
may prevent this situation from developing.
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3. Mercury Loop
A loop contamination study indicated that a change in mercury
filter size was necessary as a result of a black powder buildup on the filter.
(It had become necessary to bypass the filter to achieve adequate flow.) Loop
filtration requirements were evaluated and the problem was remedied by changing
from a 20-micron to a 75-micron filter.
Continued Chempump problems caused by Rb injection resulted
in the installation of the mercury pump-motor assembly (PMA) and the applicable
loop modifications. A screen was subsequently designed and installed in the
mercury PMA suction line to prevent further clogging of the jet nozzle.
Emergency dumping during automatic shutdown was provided for
by a device installed immediately upstream of the boiler. The dump system con-
sisted of a fast-opening valve and a separate dump tank. The purpose of the
dump system was to protect the boiler from overpressure during emergency shutdowns.
Analysis and a subsequent emergency shutdown demonstrated the adequacy of the
dump system.
Because of unstable flow control and continuous problems with
flow instrumentation, the loop between the mercury PMA and boiler was redesigned.
The liquid flow-metering venturis were placed downstream of the flow control valve
to protect the instrumentation from pressure surges. The valve electrical controls
were put on a separate circuit to protect the controls against electrical changes
associated with other loop electrical load changes.
Evaluation of the loop pressure drop and increased TAA power
requirements dictated loop modifications to permit higher flow rates. Changes
made included removal of the TAA vapor flow control valve and increased liquid
filter size (as previously noted). Further evaluation in this area, such as
reduction of vapor line length, is in process.
It was thought that some leakage occurred through the valve
to the desuperheater. The amount of leakage was unknown since the desuperheater
flow-measuring method was inoperative. This leakage flow originally was con-
sidered to explain the difference between the liquid-mercury flow rate and the
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turbine-indicated flow rate. Hence, the unknownamount of desuperheater leakage
clouded evaluation of turbine degradation. Since use of the desuperheater during
startup of the TAAis not mandatory, the desuperheater lines were opened and
cappedoff.
Other areas of improvement in the operation of the mercury
loop were also made. A meansof chemically cleaning the boiler of rubidium
oxides and oil was established and used. The method consisted of flushing with
trichloroethane and water.
Be required redesign of the mercury loop for tube-in-tube
boiler installation is now in process.
4. Vacuum System
Because there were indications that vacuum pump oil was flowing
back into the mercury loop, a modified vacuum and cold trap system was installed.
Continual problems were encountered with the diffusion pump
in the TAA space seal vacuum system. A test of the system indicated that the
necessary vacuum level could be obtained without the use of a diffusion pump by
employing a roughing pump and cryogenic pump combination.
Further improvements included an automatic liquid-nitrogen
loading system to the cryogenic pumps in the bay,. and a modified vacuum system
to the lubricant-coolant (L/C) loop. These changes were made to decrease the
possibility of L/C outgassing in the mercury PMA and _ space seal manifolds.
5o Lubricant-Coolant System
The design was modified to achieve stable control of the TAA
slinger discharge pressure. Stability was achieved by installing an orifice
bypassing the control valve and using a valve to trim for fine adjustments.
6. General
Various general modifications and improvements have been made.
For example, the electrical load controls were moved into the RPL-2 control
room. This allowed the test engineer to control the alternator load during startup.
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The necessary electrical circuitry for operation and control
of the lubricant-coolant PMAand mercury PMAwasredesigned and implemented.
Modifications were madeto provide better loop vacuumsand
more rapid venting. These changes involved expansion-tank line-size alterations
and improvements in the control panels.
The scrubber system was modified to meet bay pressure require-
ments by removing the damperfrom the suction line.
A line-heater control and protective system was made. The
heater installation includes powerstats and control units. The protective
system has provisions for detecting heater sheath temperatures and provides
an alarm at a predetermined set point.
The purification system was modified to effect better sampling
and to prevent clogging upstream of the plugging valve.
B. TESTING
The loop was operated with the following SNAP-8components: NaK-to-NaK
heat exchanger, tube-in-shell boiler, turbine-alternator assembly, mercury pump-
motor assembly, condenser, lubricant-coolant pump-motorassembly, and electrical
controls. With the testing of this report period, the TAAand controls cumulative
operating time had risen to 830 hr, the boiler and condenser to 1407 hr (of
mercury loop operation), the NaK-to-NaKheat exchanger to approximately 1200 hr,
the L/C PMAto 990 hr, and the mercury PMAto 673 hr. The last continuous run,
which ended 17 June 1965, covered 320 hr, during 170 hr of which time the power
out was in excess of 50 kw.
C. SYSTEMPERFORMANCE
Considerable system performance information was gathered in RPL-2.
Muchof the information is the result of normal testing; other information has
resulted from problem areas requiring off-design operation, such as high flow
rates.
The operating time accumulated in RPL-2has been at mercury flow
rates as high as 16,000 ib/hr, giving ample testing of system performance at
II -6
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conditions in excess of rated. Figure II-I shows a breakdown of accumulated
operating ranges in RPL-2. A total of 375 hr has been accumulated at mercury
flows in excess of 12,000 ib/hr (200 hr at 14,000-16,000 ib/hr, and 175 hr
at 12,000-14,000 ib/hr).
Rated Power Loop No. 2 has demonstrated the typical pressure
oscillations of a forced convection boiling system. Boiler and turbine
pressure oscillations of approximately +6 psi with a period of about 6 sec
have been observed. A discussion of boiler stability is found in Section
V,C of this report. Condenser inlet pressure oscillations do not correlate
with boiler and turbine fluctuations. Observed condenser oscillations are
of a much lower amplitude and of a much longer period. A typical value is
+0.2 psi with a 30-sec period.
Steady-state operation of the system-has been analyzed during
hands-off operating periods. Figure 11-2 shows a typical 4-hr period with
On longer periods, a gradual flow rate change was noted. This is attributed
to the inability of the present flow control valve to maintain its setting.
Transients of various types have been analyzed from a system
standpoint. Investigation includes analysis of transients ranging from
normal startups to emergency shutdown. Figure II-3 shows a typical normal
startup transient; Figure II-4 shows a forced shutdown incorporating a mercury-
loop dump.
The system has been exposed to several types of component degradation
and/or failure. In each case, system response to the particular type of inci-
dent has been indicated. For example, liquid-mercury entrainment in the vapor
stream can cause degradation. Such entrainment represents a loss in total energy
in the mercury, and causes a decrease in turbine performance and overall system
performance. This subject is discussed fully in Sections V,A and V,C of this
report.
Another problem experienced by the RPL-2 system was a gradual
turbine degradation, manifested by the increased mercury flow rate required to
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obtain required electrical outputs. The system and componentshave been
subjected to more than design point requirements. Turbine performance
degradation is considered in detail in Section V,A of this report.
A system parameter that readily demonstrates the effects of the
turbine degradation is the ratio of the indicated turbine nozzle flow to the
vapor venturi meter flow. This ratio bears a proportionality to overall
system performance. A statistical analysis of this flow ratio has been
carried out as part of the system analysis. Details of the statistical
analysis are found in Section VI,A. System analyses of pressure losses and
instrumentation accuracy were carried out as part of the overall degradation
problem to determine whether or not the degradation was truly turbine-oriented.
(Analyses indicated that the degradation did occur in the turbine.)
Failure of the EMpumpin the heat rejection loop on 17 June 1965
subjected the system to adverse conditions. The pumpfailure caused a high
over-pressure in the condenser and an emergencymercury-loop dump. As a result,
mercury flow through the turbine soon ceased, which in turn caused rapid turbine-
speed decay. In fact, there was even the possibility of a flow reversal through
the turbine. The response of the system to this shutdown is shownin Figures
ll-4a through II-4c.
The most significant RPL-2 problem was the failure on 22 June 1965
of the TAA. A thorough data analysis is currently in progress to determine the
cause of failure.
A significant problem with the -i boiler operation was the clogging
of one mercury tube. This resulted in an excessive boiler pressure drop which
in turn affected the available turbine inlet pressure. This subject is discussed
in Section V,C of this report.
The overall RPL-2 program has been successful and informative. Both
transient and steady-state behavior have been observed and analyzed. The RPL-2
system has been valuable for evaluation of the SNAP-8system and component
performance.
ol
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TABLE II-i
RPL-2 HISTORICAL RECORD
Major Events
1. Removal of primary in-line valves to re-
duce system pressure drop
2. Installation of orifice bypass for sta-
bility of TAA slinger outlet pressure
3. Change primary expansion tanks from
"through-flow" type to "T-off" type
4. Modifications to level indicators
5. Investigation of NaK valve leakage
6. Addition of baffle to fin-fan cooler
7- Analysis of NaK/NaK heat exchanger weld
rupture
8. Design of electrical control circuitry
for L/C PMA and mercury PMA
9. Cap-off of desuperheater and NaK/NaK
heat exchanger lines
lO. Mercury filtration improvements
ll. Expansion tank line modifications to
improve loop vacuum and venting
12. Addition of screen to mercury PMA inlet
13. Addition of emergency mercury dump sys-
tem
14. Redesign of vacuum system
15. Transfer of electrical load controls to
control room
16. Modification of purification system
17. Gas heater modifications to achieve sta-
bility and better performance
18. Analysis of EMpump performance
19. Redesign of mercury PMA-to-boiler line
and flow control system
20. Modification to scrubber system
21. Addition of line heater control and pro-
tective system
/ 1965
Dec Jan Feb Mar Apt May Jun
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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TABLE iI-i (cont.)
Major Events
22. Complete check-over of RPL-2 system
23. EMpump failure due to cavitation
24. Establishment of method to clean boiler
of rubidium oxides and oil
25. Commence work on automatic LN 2 loading
system to cryo-pumps and cold traps
26. TAA failure
Dec
1965
Jan Feb Apt Ju__ n
X
X
X
X
X
Test Programs
TAA Performance Tests
Auxiliary Start Loop Heat Exchanger
Tests
Electrical Controls Tests
Component Endurance Test
X
X
X
X X
Table II-i
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nl. sYs u P 20 1 (PCS-I/SL-I)
A. DESIGN AND ENGINEERING
The System Loop No. 1 (PCS-I/SL-I) became one of the major elements
of the phase-out program. On 2-3March 1965 a meeting was held at NASA LeRC_ pri-
marily to review the test objectives and the sequence of testing in order to formu-
late a phase-out program of the greatest value. Several alternatives were discussed.
It was decided to make the reference program a single shutdown between Phase I
(boiler_ condenser and mercury PMA) and Phase II (a complete PCS). Also, system
start tests previously planned as a part of the PCS-2/SL-2 program would be added
to the PCS-I/SL-I Phase II testing program. The 16 March program schedule and
budget for PCS-I/SL-I was drawn up using the guidelines established at this 2-3
March meeting.
A program status review was held at the Yon Karman Center on 6-7April.
The engineering and design for both Phase I a_nd _ase IIwere discussed in detail.
The major portion of the Phase I design had been completed, with a certain amount
of support work expected until completion of Phase I testing. Phase II engineer-
ing was essentially in the planning state. The phase-out program as outlined was
considered satisfactory.
i. Phase I
A pre-test plan was prepared to delineate the test data points
and data reduction desired; it showed the expected performance_ and indicated the
performance analysis and comparisons to be made. The final testing report is ex-
pected to be a revision to the pre-test report with the addition of the test in-
formation obtained.
Unfinished design items for Phase I were completed.
2. Phase II
A definition and description of the PCS-I for Phase II is being
prepared. The outline of the final contents of the book is given below.
Task Objective
System Description
Definition, Specification and Performance Summary
Flow Diagram
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Test Objectives
System Design
P & I Diagram
Design Criteria (PCS, SL, Instrumenta-
tion, Controls)
ComponentParts List and Specifications
PCS-I/SL-I Interfaces
ComponentInterfaces
Layout of System
Nine controlled copies have been issued internally in loose-
leaf form, with detail material being added on an as-generated basis.
Under the System Description, an analysis (Reference 4) was
madeto define a reference PCS-I system operating point that would produce 35 kw
of electrical power based on test componentperformance data. The reference oper-
ating point was summarizedin the flow diagram (Drawing No. 092486).
The process and instrumentation (P&I) diagram was expandedto
indicate the entire instrumentation and automatic shutdown system. In addition
to the previously indicated information (function of the sensor and its identifi-
cation number), information also is provided indicating how the information is
read out (i.e., visual gage_ strip chart recorder, oscillograph, DDAS).
To further improve the master P&I diagram as a working tool,
the first valves of auxiliary loops have been added as reference. These valves
are still controlled by the separate auxiliary loop P&I diagram. This addition
gives the loop operator a more complete system operation and control picture from
the master P&I diagram.
In the course of the Phase II design activity the following re-
views were held:
Space Seal VacuumSystem - Preliminary
RSTransient Simulator
Primary NaKLoop
HRNaKLoop
Mercury Loop
- Conceptual
- Preliminary
111-2
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B. PCS-I/SL-I TESTING
An overall program for PCS-I/SL-I testing was released on i0 June 1965.
This document (Document No. 4942-65-0172 , "Program for PCS-1/SL-1 Testing") des-
cribes the general test objectives, the type of tests, the general scope of the
tests, and the schedule for testing.
Also released was Document No. 4862-65-0122-I, "PCS-1/SL-1, Phase I
Pre-Test Report," 22 April 1965. This pretest report describes the PCS-1/SL-1
Phase I test points in detail. Included are explanations of the data reduction
process, the instrumentation calibration process, the data to be gathered, and
the anticipated test results. A similar report, Document No. 4862-65-0122-II,
is being prepared for PCS-1/SL-1 Phase II testing.
Also in the process of preparation is Document No. 4942-65-0175,
"Test Requirements Reference for SNAP-8 Power Conversion System No. 1 in System
Loop No. 1." This document will replace Document No. 340-64-1055A_ "Test Require-
ment Specification for PCS-1 in SL-l" and Document No. 340-64-1123, "Test Require-
ments Specification for SNAP-8 Power Conversion System No. 2." This new document
is the reference for testing the first SNAP-8 power conversion system (PCS-1) in
the system loop (SL-1). It is a guide (not a specification) for the definition
of the requirements for components and facilities, operational procedure, instru-
mentation, data, and reports.
1. Description
Mechanical, electrical, and instrumentation fabrication and
assembly of the PCS-1/SL-1 proceeded as the major activity through mid-March 1965.
Figure III-1 shows the test cell essentially completed.
A major rework of the 28-volt controls system, which was started
in mid-January, was completed sufficiently by 15 March to initiate dry shakedown
on some system equipment. (That is, controls and other components were operated
and calibrated to the extent practicable without the system fluid. ) The NaK was
loaded into the dump tanks in early April, followed by filling and operation of
each loop on an individual basis. Some of the significant events during this
period are related below in approximately chronological order.
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a. Radiator Simulator Loop
The radiator simulator (RS) loop was given its wet shake-
downprior to its dry shakedownso as to evaluate the performance of the installed
commercial centrifugal NaKpumps - a major uncertainty in this system, since this
type of pumphad not been previously proven for NaKservice. Initial attempted
operation of the first of two pumpsin this loop was characterized by relatively
short periods of rotation, cavitation regardless of loop cover pressure, and
seizing or binding which caused the pumpmotor electrical overload devices to open
the circuit. Loop and pumpparameters normally recorded on the DDASwere re-
patched temporarily to strip chart recorders for direct visual observation of the
pumpperformance. It was apparent that the pumpsuction filter of 44-micron rating
was so restrictive as to cause pumpcavitation. The strip charts also indicated
that the pumpmotor overloading mayhave been caused by impeller, rotor, or bear-
ing mechanical loading - factors which suggest the presence of particulate "loop
dirt," or possibly NaKoxides.
A relatively large and coarse filter (40-meshYork screen
measuring approximately 2 cuft) - originally assembled for a purification system
crystallizer tank - was installed in the air blast cooler return line. (Selection
of this filter was based primarily on its immediate availability) This installa-
tion is shownin Figure 111-2.
SubsequentRS loop pumpoperation was satisfactory for the
balance of the shakedownoperations. During later test operations, the No. i RS
commercial pumpfailed and seized. Since it could not be restarted, it was left
in place until such time as Phase II revisions are made. The exact cause of this
pumpfailure cannot be determined until the unit has been removed and a direct
examination made.
b. Primary Loop
Primary loop shakedownoperations began while the RS
filter tank and fittings were being assembled. Overfilling of this loop resulted
from a disconnected electrical connector to the level light system on the console
in a previously checked-out system. This event focused attention on the marginal
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adequacy of the NaK level indicating systems and on the liquid traps. Additional
trapping capacity was added to the NaKsystems; drain valves or fittings were added
to the traps and contact probes were provided on the liquid traps to monitor for
the presence of NaK. Figure 111-2 (bottom) showsa typical revised trap system.
All console connectors were taped together to prevent a recurrence of such loss of
signal.
In addition to these measureswhich were taken for the im-
mediate Phase I program, the following Phase II design modifications are being con-
sidered: relocation of NaKtraps to an elevation above that of the expansion tank,
provision for adequate trap volume, revision of wiring installation, and review of
NaK level systems with respect to the use of contact probes.
Following cleanup of this primary NaKoverfill, the loop
was refilled and heated by the gas heater; a hot dumpfrom 500°F was then per-
formed for initial loop cleanup.
c. Heat Rejection Loop
The heat rejection (HR) loop shakedownoperations provided
NaKpurification prior to initial pumpoperation so as to reduce possible oxide
problems in the centrifugal pumpbearings or impeller. Instruments were switched
to recorders as was done with the RSloop. Following cold trapping and flow estab-
lished by the NaKpurification system, the HR pumpwas started. It seized immedi-
ately (3 sec) and could not be freed. Subsequent disassembly and inspection of the
pumprevealed that the impeller and bearings had galled, seized, and sheared the
retainer pins. The pumpwas then removedand a spare pumpinstalled along with a
"crystallizer" tank similar to the one installed in the RSloop.
Operation with the substituted pumpapparently was satis-
factory until an internal thermal switch (cutout) opened the control circuit on a
high winding temperature, causing the pumpto stop. This high temperature seems
to have been the result of a gradual reduction in pumpcoolant flow to the HR
pumpwhich was caused by the drift to the closed position of an electropneumatic
throttling valve. The drift, in turn, resulted from the unnoticed loss of a d-c
power supply and subsequent drain of the backup batteries.
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Shortly after this incident, the temporary 28 v,dc supply
was replaced by a permanent supply with a low voltage alarm. Unfortunately, the
HRpumpcould not be restarted following this shutdown. An electromagnetic (EM)
pumpwas then installed in the HR loop, eliminating the need for the pumpcoolant
loop, which was disassembled. At the sametime, the throttling valve to the con-
denser (HRV-3) was removedto reduce the system pressure drop. Initial checkout
of the EMpumpand loop was performed using the electrical power circuits for the
primary EMpump. Permanentpower and instrumentation circuitry for the new EM
pumpwere installed later, as was a cooling blower.
Combined,two-loop operation of the heat rejection and
radiator simulator loops was then added to the shakedownprogram. This was done
to verify satisfactory RSpumpoperation at the temperature of 170°F - a tempera-
ture otherwise available with only the HR electrical line heaters.
d. Mercury Loop
Mercury loop preparations for the initial injection in-
cluded addition of an inventory transfer pumpcalibration standpipe, integrity
checking, and connection of the lubricant-coolant lines to the mercury-pumpbear-
ing ports.
2. Total System Operation
The first injection was made on 28 May. A deliberate shutdown
was made after approximately 20 min of pump operation to evaluate data. Later
analysis indicated that an insufficient amount of mercury had been loaded into
the loop to sustain proper loop operation. Shortly after this shutdown, all 28-v
power was lost when a wiring error cross-connected the dc with ii0 v,ac, opening
a d-c circuit breaker.
Subsequent operation on i June was also terminated by a control-
power failure when the d-c circuit breaker became overloaded because of inade-
quate capacity, and opened. The d-c power distribution system and its breakers
were then modified by adding another breaker and by adding main bus contactors for
distribution.
III-6
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On 4 June, following approximately 24 hours of boiler operation
at saturated conditions, superheat was achieved at essentially full mercury flow.
All subsequent boiler operation and startups to the end of June have shown
immediate superheat.
On 7 June, following a planned weekend shutdown, a small NaK
leak and fire occurred at an HR-loop flange seal. Essentially no damage resulted
from the fire other than to the flange itself. This flange seal was replaced with
a welded spool piece; then the welds were heat treated, X-rayed, and helium-leak
checked. Concurrently, all similar flange closures were tightened. Several were
found to be loose, and one showed mercury leakage. As a result of this experience,
bolts on each seal flange were retorqued during each prolonged shutdown. _his
operation was repeated three times. On the last check, all bolts were found to
be tight. Previous checks revealed that several bolts on many of the flanges
had loosened. On the basis of this experience, Phase II hardware is being planned
--_^_+ _1_h joints.
During the subsequent startup, a PCS solenoid valve in the lubri-
cant-coolant (L/C) loop failed to open, causing oil flooding into the mercury pump
and space seal vacuum lines. Checks on the valve actuation indicated that the
component would not operate under the existing system pressures. A check valve
was added to this line to prevent back-flooding of oil; operating procedures were
revised to permit operation of the two similar valves in this flow path under no
pressure load. Pressure functions were also placed on a recorder for direct visual
operation by the operator.
Oil cleanup operations required cutting lines, flushing with sol-
vent, analyzing residue for oil, and reassembly of the piping. _he mercury loop
piping and pump from the condenser outlet tee to the mercury injection tee were
known to be contaminated and were flushed and cleaned in place. Vacuum lines and
traps were similarly cleaned. The condenser was also flushed because of suspected
oil contamination. The sequence used and results obtained are shown in Table IV-l.
Approximately 9 days was required for this cleanup and the related shutdown
activities.
During the subsequent system operation, boiler superheat was ob-
tained almost immediately. This indicated that the boiler had not been contami-
nated during the oil spreading, and also that the cleanup operations were effective.
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Boiler testing was initiated on 25 June and was in progress at
the end of the month.
3. Results of PCS-I/SL-I Testin_
The testing of the PCS-I/SL-I during the report period yielded
the results indicated below.
a. Primary Loop
The pressure drop for the primary loop is 15.3 psi at the
rated flow of 46,500 ib/hour (ii00 - 1350°F). This is about 2 psi higher than ex-
pected (Figure 111-3). This higher pressure drop is attributed to the higher
pressure drop through the boiler and the bellows.
The pressure drop for the boiler and the associated bellows
(at the boiler inlet and exit) is 8.5 psi at the rated flow. This is 3.4 psi
higher than the results from the water flow tests (Figure 111-4). The cause for
this difference is undetermined but is under investigation.
b. Mercury Loop
The boiler required about 26 hours to condition the first
time mercury was injected. During subsequent mercury injections, superheated vapor
was produced almost immediately (Figure 111-5).
The -I flow control valve, at an applied voltage of i0 v
and 15 v, yielded flows different from those expected. The actual mercury flow
increase was higher at the beginning of the valve operation, followed the antici-
pated curve in the midphase, then became lower in the final phase (Figure 111-6).
This deviation is attributed to the difference in valve inlet pressure between the
valve tests and the PCS-I/SL-I tests.
The mercury PMA required about 3.2 kw as compared to the
2.8 kw expected from the component tests. The power factor was slightly lower,
but the pressure rise across the pump was the same as that from the component
tests (Figure 111-7). The motor hot-spot temperature was _320°F; the bearing
temperatures were _270°F. This difference in performance is attributed to the
flooding of the motor with the lubricant-coolant fluid.
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The pressure drop between the boiler and the turbine simu-
lator was approximately 14 psi at rated conditions (Figure III-8). This is con-
sistent with the RPL-2 data, which showeda 15 to 20 psi drop for a longer line.
c. Heat Rejection Loop (HRL)
The pressure drop for the HRLwas 28.6 psi at a total sys-
tem flow of 39,500 lb/hour (-=4000lb/hour to turbine simulator and 35,000 lb/hour
to condenser). The calculated pressure drop was 29.4 psi.
The pressure drop for the condenser is 9 psi at the rated
NaKflow (39,500 lb/hour) (Figure III-9). This is 3-5 psi higher than expected.
The cause for this difference is undetermined, but is being investigated.
d. Lubricant-Coolant (L/C) Loop
The L/C pumpproduced pressure as expected (Figure III-10).
However, the po_r re_!ired was 1.5 kw comparedto the expected 1.22 kw. The power
factor was 0.68 comparedto the expected 0.63 (for the samepower consumption by
the motor). The cause for the differences is unknownand is being investigated.
e. System
At rated system conditions, the boiler outlet and the con-
denser inlet pressure fluctuations were about 12 psi and 0.5 psi, respectively.
The frequency of the boiler oscillations was about l0 cycles/min.
The system pressure decay at the condenser inlet depends
on the type of shutdown. Three typical transients are shownin Figure III-11.
On a "hands-off" basis of operation, the system was steady.
The general oscillation for a given function was less than 1%(Figure III-12).
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Step
1
2
3
4
5
6
7
Q
_J
9
i0
ii
12
13
Operation
Sample clean fluid
Fill condenser
Draw sample 2
Drain condenser and hold
remainder
Refill with solution from Step 4
Draw sample 3
Drain and hold remainder
Refill with solution from Step 7
Drain and hold remainder 4
Sample clean fluid 5
Fill condenser
Drain and hold solution 6
Fill and sample line section 7
at condenser base
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TABLE III-i
CONDENSER DECONTAMINATIONANALYSIS
Analyses of Sample
Sample No. (g residue/lO0 ml sample)
1 0.00099
0.00136
0.00738
o.oo4oo
o.ooo64
o.oo285
o.00640
NOTE: (1)Solvent used was Triethane; (2) Line section (Operation 13) was
reflushed before reassembly.
Table IIl-i
PCS-1hL-1 
Figure 
Test Cell 
111-1 
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Radiator Simulator Loop Cleanup F i l t e r  
NaK Swtem Typical Trap I n s t a l l a t i o n  
Figure 111-2 
Report No. 3053
I
Ila F-
°_
UJ_U
_m.J
X_
\\
0
c_
0
ISd " dOll0 3NnSS:lNd 1_/31SXS
O
E-I
I'-I
oo
r?,
oo_
P_
O
O
o"
Figure III-3
Report No. 3053
O
ILl 0 13_ W _'W 1141,14144
I-, ,_ I.I. _ U.I-- _I--I--
0
0
W
OWOW
ISd " dON(] 3_INSS::I_Id
O
O
I-t
O ,-4
I
CrJ
r-I
!
O I
O
r_
.r-I
r_
Z
rjj
©
o
O
O
c_ ,--I
.r4
O
O
C_
O
Figure III-4
Report No. 3053
300
o
_w
:_2oo
W_E
ne_
_ 100lUl&l
evn_
IJl.I w
,-I.J
cl_ n,,k
FIRST SUSTAINED INJECTION ON 6-3-65 (BOILER NOT CONDITIONED)
NOTE: 1. Hg FLOW BOILER EXIT PRESSURE x 40.5 (Ib/br) I I I I I
I BOILER STARTED Q---O-.-O2. PRIMARY LOOP CONDITIONS: 4---- --___ -- - -
NAK TEMP AT BOILER INLET-1310°F I pRODUCING J I
__ I I I I I I PREsSurE-!-"11!.._Z "_-_-:
rt
;1 1 I I JT_'iE_ATUiE-_
2 4 6 8 10 12 14 16 18 20 22 24 26
ELAPSED TIME AFTER Hg INJECTION - HR.
ii
_b
_m
o. ev,
0
o.
,u:=E
e_,lu
,!1-.
I-I-
m
I&l
i_.n,
ww
_.1_1
O0
_QD
20O
2OO
100
INJECTION ON 6-25-65 (BOILER CONDITIONED)
I
BOIL ER STARTED BOIL ER
PRODUCING SUPERHEATED
VAPOR I _...,(_ -''_( )---'O'--'- (
!
I J I I I I I ,
EXIT PRESSURE I
) O --(
/
BOILER EXIT TEMPERATURE
--X --X_X.._--.)C--_(--X--X--X_',
0 5
Boiler
10 15 20 25 30 35 40 45 50
ELAPSED TIME AFTER Hg INJECTION - MIN.
Behavior After Mercury Injection - PCS-1/SL-1 Phase
55 60 65
I Tests
Figure III-5
6,000
15V
I.
_.. 4,000
0
M.
2,000
12,000
10,000
J3
3:
o 8,000
..I
,,r
6,000
Report No. 3053
.
/
_1ov
\
ANTICIPATED
FLOW CHANGE
FOR 10V
FLOW CHANGE
FROM 0-47%RATED--
100 200 _0 400
VALVE OPERATING TIME-SEC.
_)0
/
J
/
I
I
I
p 
/
/
ANTICIPATED /FLOW CHANGE
FOR lOV /
FLOW CHANGE
FROM 47-100% RATED
6OO
cpo-o
4,000
100 200 300 400 500
VALVE OPERATING TIME - SEC.
6OO
-i Flow Control Valve Characteristics for Constant
Applied Voltages (Roylyn Valve) - PCS-I/SL-I Phase I Tests
Figure III-6
oO
0
Report No. 3053
HO£DVd _3MOd VWd
0
_0
W
v)
Q.
lr_k_m m u D m
0
I'-
U
U.
W
3:
0
O.
i...o
_jW. ZZ
o
J
U.
UJ
I"
>-
,v
IAI
o
.,4.
o
I"-
,?,t_ oo
,,o _ .
0. -- "v°° .,_
,_, :_ o.n.n. ,_.
F- O.
D_
4_
E_
H
!o"
O
O
0
N
o
o
ISd OOL- d_nd SSOZl3V :_SI_! :IEIIISS:I_id
_0 M)i - J.ndNI a::lMOd
0
0
Figure III-7
Report No. 3053
w
_Z
mO
_,'_
0
Z
\
0
0
0 <
0 <
o
o
U3
4_
ID
_ m
o e_
_r.rl
•_ r.--t
r._
%o
o,--I
_._
ID
_ m 4°
o
o
o
ISd " dO_l(3 _I_II'ISS'_Nd
o
Figure III-8
Report No. 3053
a.
|
D.
o
w
Q.
6
0
S
J
/ /
10,000 20,000 30,OOG
NAK FLOW- Ib/hr.
o _'
/
o /
ii
PERFORMANCE
40,000 50,000
Condenser Pressure Drop,
NeK Side - PCS-1/SL-1 Phese I Tests
Figure III-9
001. x _IOJ.DV=I _l:lMOd
_10 ISd OI " dl_CId $SO_IDV :ISI_I ::i_II'ISS:I_Id
Figure III-lO
Report No. 3053
i
0
oo
t_
(D
E_
Z H
oe
, _
N
Z _
I,_ -H i
m¢Y m 0)
_ hO
tD-H
h
0_,_
O4
N
0
I
VISd - 3_IFISS3_d 13"1NI _3SN3(]NOO
Figure III-ll
0 4
0 '_
0 ,,_
0 4
0 4
0 4
0 4
0
0 4
0
L.i.i 0 4
r'_o 4
0
0 ,d
0
,O,-
UUO 4
Q 4
c
Report No. 3053
a
D
o
8
m
o
o
o
o
m
o
o
o
o
a
o
o
0 o
0 o
0 D
0 o
0 D
O ,m
0 o
0 o
0 =
0 a
0 o
O a
0 =
0 o
0 a
0 o
0 a
0 a
0 o
0 a
q
4
4
o
_m
0 _1 a
0 4 a
.O ¢ :a
0 ,d a
0 4 m
0 '_ a
0 4 o
0 '_ =
0 4 a
0 4 a
0 4
0 4 o
0 4 o
•0 ,.,I a
O 4
0 4
O _ o
O ,4 o
o N
,-.-i
l
2
B
ml
N'_ o-r- a
0-
0 a
0 =m
0 I:=
0 o
0 a
0 o
0 a
0 a
0 i=
0 o
0 o
C
0 o
0 a
0 o
0 a
0 o
,¢
,ll
4
4
4
4
.._
o 4 0
o ,_ 0
= ,d 0
4 0
a 4 0
,_ 0
a 4 0
= 4 0
= 4 O
D 4 0
4 0
o _$ 0
4 0
4 0
L'[
.--J¢
o
¢_3 <$ _ Z,4 C"_ 0
O
-- 4
4
4
4
4
4
,d
4
4
4
4
4
4
<$
4
4
4
O
O
c_
O
f-.,.
_D
,-,4
. m =,,I_
O
4 0
4 0
4$ 0
0
,-..i
4 O
4 O
4 O
= 4 O
4 O
o
m---
12N
kO
,--t
ID
4-_
r_--_
4-_ 4o
r-tv
I
O3 4-_
r_
q)
Figure III-12
Report _o. 3053
IV. NUCLEAR POWER SYSTEM
A. NS/PCS INTEGRATION
At the beginning of the report period the NS/PCS integration activity
was being carried on by two full-time engineers and a full-time clerk. An office
was maintained at Atomics International as well as at Aerojet's Von Earman Center.
Following deletion of combined NS/PCS testing activities from the reference
program early in February, 1965, this effort was reduced to one engineer, and
the AI Office was closed. Effort was further reduced to a part-time activity on
9 April 1965, and for the remainder of this report period.
_he activities of the office are reported separately for the periods
i November 1964 to i February 1965, and i February 1965 to 30 June 1965.
i. Activities to i February 1965 -Integration Plan
Intensive negotiations were conducted on integration plan
sections that applied directly to the ground prototype system tests, and to
supporting administrative procedures. With 15 January 1965 used as a target
date Aerojet and Atomics International attempted to agree upon, or to define
_ _nt_ of disagreement on the following plan sections:
II-C
II-D
III-A
Ground Prototype System
Ground Prototype Test Facility
Coordination Meetings
III-B NS Design Review
III-C NPS Design Review
III-D Aerojet Personnel at AI
III-E AI Personnel at Aerojet
III-F Aerojet/Al Correspondence
Interface Control Drawings
Nuclear Facility Design Review
Test Support Equipment Design Review
III-G
III-H
III-I
Approximately 20 negotiating sessions were held with AI.
needs and objectives of the Aerojet project groups involved in the subject
integration plan sections were determined.
_qe
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Substantial agreementwas reached between the Managerof
NS/PCSIntegration (Aerojet), and the Chief Project Engineer for SNAP-8(AI)
on the text of the first five plan sections listed above, plus Section III-F.
At both Aerojet and AI, these agreementswere subject to higher management
review before they would be forwarded for agency ratification.
Plan sections III-D and III-E were agreed to in content, and
work on text clarification was started. Plan sections Ill-G, Ill-H, and IIl-I
contained points of divergences not yet fully defined by i February 1965.
Aerojet Technical MemorandumNo. TM4802:65-0-299 (Reference
5) reported negotiated texts and Aerojet/Al positions on someof the unresolved
areas as they existed on i February.
2. Other Coordination Activities
Formal integration meetings were held monthly by the Project
Coordination and the GPS/GPTF Project Engineers Groups.
Informal working group or Ad Hoc meetings were held on various
subjects, including the following:
a. EGS Startup and Shutdown Analysis
b. Material Compatibility
c. Mercury Boiler Conditioning Phenomena
d. Exchange of Operating Personnel Between AI and Aerojet
e. Flight Prototype Facility Design Flexibility
f. PCS Acceptance-Testing in GPTF
Integration office personnel assisted the GPS Project Office
in the TSE installation subcontract negotiations which were then in progress
with Atomics International.
Aerojet Letter No. 4802-65-0008 was forwarded to AI on 29
January 1965, closing action on the S8DS Final Design Review.
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3. Activities from i Februar_ to 30 June 1965 - Integration Plan
Work was confined to preparation of the status summary
technical memorandum mentioned above.
4. Other Integration Activities
All integration activity was confined to those efforts neces-
sary to remain sufficiently abreast of the NS program to permit intelligent
conceptual design of a PCS for GPS, and to evaluate the NS schedule in the
event of joint test resumption.
Project coordination meetings and GPS/GPTF project engineers
meetings were continued, but on a less-frequent schedule. Materials coordination
continued and a number of informal meetings were held on startup analysis and
man-rating considerations - both of which were related to PCS conceptual design.
B. POWER ._%_r_z;_T_N SYSTEM
i. Pro6ram Effects
In February, the PCS design activity was reduced to a level of
effort consistent with the SNAP-8 phaseout program. _his level of effort was
directed toward LI._ _i.-_ir""_ a_-i_n activities necessary to maintain an option
to accelerate the design activity in the event a continuation program w_o
initiated. The technical considerations which justify the need for the ground
prototype system (GPS) were analyzed and presented to NASA personnel for their
use. This information was subsequently consolidated and issued in Aerojet
Technical Memorandum No. _4 4921:65-0-306 (Reference 6).
Considerable effort also was expended on various alternative
program plans and cost estimates that were based upon the possibility of having
funds reinstated in the program some time during the early part of FY 66. The
results of these efforts were reviewed with NASA personnel.
2. PCS Design
The results of studies conducted early in the report period
lead to the conclusion that it was desirable to provide primary loop pumping
power by a parallel arrangement of HRL pumps. The need for additional pumping
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power results from the expectation that the pressure drop in the primary loop
at nominal flow rate would exceed the capabilities of either the primary or
HRL PMA. The parallel arrangement was selected over a series arrangement for
the following reasons:
a. Pumps in parallel require approximately 1.5 kw less
power than do pumps in series.
Startup power requirements are approximately the sameb6
in either arrangement.
c. The total head rise with pumps in series is such that
either orificing or impeller trimming is required to reduce the maximum system
pressure level to acceptable limits.
The desirability of providing pumping power without the use of
TSE booster pumps was established primarily for startup transient analysis con-
siderations. The TSE booster pumps would require the installation of controls
to allow the flow transients to correspond to the characteristic curves expected
for the reference system. An analysis was performed to evaluate various inverter/
PMA modes of operation associated with the addition of another pump in the primary
loop. This analysis is shown in Aerojet Technical Memorandum No. TM 4951:65-1-265
(Reference 7). The major conclusions regarding the inverter/PMA operation are
(a) all four PMAs cannot be started in any sequence with the present inverter
design, and (b) PMA/inverter requirements are a function of HRL PMA breakaway
torque as shown in Table IV-I.
A test plan outline and a "parameters-to-be-measured" list
were prepared. All work was terminated with program redirection.
The GPS schematic drawing (No. 095540) has undergone revisions
to reflect the latest changes with regard to (a) two pumps in parallel in the
primary loop, and (b) subassembly packaging of the NaK PMAs, the mercury PMA,
mercury injection system, and TAA. It was decided to treat the GPS schematic
as the basic control drawing for subsequent TSE/PCS P&I diagrams. The latest
version of the schematic, currently under revision, is shown in Figure IV-I.
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During the report period, questions were raised regarding
accessibility to the PCScomponents. _he original concept of the PCSwas a
compact, minimum-size package. Consideration was given to the feasibility
of providing a PCSfor GPSthat is only slightly modified from the PCS-2
package design. It was decided to abandonthis idea on the grounds that it
represented no significant step forward relative to flight design requirements.
Work was then undertaken to examine configurations where accessibility was the
primary consideration. A layout was prepared with access considerations through
the center of a cylindrical package, the results of which are shownin Figure
IV-2. Additional layouts were prepared where access to the perimeter and
bottom of a conical package was considered.
It was decided to proceed with conceptual design efforts based
around a conical envelope, permitting access at the perimeter and bottom only.
_is con_al perimeter access envelope is consistent with the requirements of
the original NASAprogram Specification 417-1 and would also peiuuit easier
installation and handling in the GPTFvault. Specific mission access design
requirements could only be obtained as a result o_ mission studies.
As part of the conceptual design of the PCS, the environmental
launch and in-operation loads of NASASpecification 417-2 are used in designing
the frame and componentmounts. A central column componentsupport was explored.
This study indicated that the major advantage of this concept was the center-
post mounting of components, thereby allowing greater accessibility. However,
this concept resulted in a considerable weight penalty since the center column
had to be approximately i0 in. in diameter, and requires large cantilever supports.
This concept is shownin Figure IV-3. Small-diameter column supports running
from base to base were also investigated. Thesewould support componentsand
provide structural support to the frame. The latter idea was still receiving
active consideration when it was decided that further attention should be given
to the central core access previously mentioned, since this appeared to be more
in line with recent mission application studies - particularly the GEorbiting
space station study as pertained to an electrical power system. At the end of
the report period, it was decided to delay further layout efforts until a better
understanding of potential mission requirements was obtained.
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C. GROUND PROTOTYPE TEST FACILITY - TSE
i. 16 November 1964 - i February 196_
Two project engineer meetings were held with AI. The problems
associated with decay heat removal, DDAS delivery, and safeguard studies were
discussed. The Joint Work Projection Schedule was updated during these meetings
to indicate the most current information regarding such items as reactor delivery,
PCS delivery, and initiation of testing. In addition, the standard project engineer's
Action Item List was reviewed and updated.
The Instrumentation Cabling Diagram (Drawing No. 097351) was
completed and released. The block diagram of the GPTF Instrumentation Test
Complex (Drawing No. 101219) was revised to agree with the cabling diagram.
Instrumentation signal-conditioning and recorder capability were compared with
the planned instrumentation requirements for GPS. No serious problem was
indicated in meeting the overall system requirements.
The control and power block diagram (Drawing No. 097438) was
revised to allow more complete fabrication prior to delivery of equipment to AI.
The main system process and instrumentation (P&I) diagram
(Drawing No. 101213) was revised.
The space-seal vacuum system diagram (Drawing No. 096961)
was completed. This drawing is under engineering review.
A preliminary auxiliary system P&I diagram was initiated.
Work associated with the installation of TSE was defined and
a quotation for a subcontract was requested and received from AI. The quoted
cost was high because of the work required at the test site. As a result, the
plan was changed to further minimize the work at the site and a new work
statement was resubmitted to AI for a cost estimate.
2. i Februar_ to 27 June 1965
By NASA direction, a phase-out program was initiated with
the following results:
!
I
l
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a. Atomic International's estimate of the cost of TSE
installation was stopped.
b. The on-site Aerojet liaison engineer was removed
from GPTF.
c. All purchase requisitions for GPTFTSEwere stopped
and stop-work orders on this equipment were issued. At this time, the digital
data acquisition system was nearing completion of fabrication. Therefore, it
was decided by NASAto complete this unit and to attempt to makearrangements
with the AECto pay for the cost of installing the unit at GPTFfor Al's use
during S8DSshakedowntesting. Negotiations pertaining to this agreement
were underway at the end of June.
A new schedule was prepared during the month of Mayand was
presented to NASA,LeRCfor review. This schedule was based upon TSEdelivery
at GPTFcompatible with a vault availability date of ! October 1966. _he
schedules indicated that a step increase in expenditure level was required in
mid-May 1965. The results of the joint Aerojet/NASA managementreview of these
schedules were reported in Conference Report No. 4901:65:80 dated 30 May 1965.
These results gave the following three options for development of TSE:
Option i - Continuation of the phase-out program which
included assembly and documentation of TSE
work completed prior to i February 1965 and
a minimumliaison with AI.
Option 2 - Continuation of phase-out program as defined
above, supplementedby an increased amount
of preplanning to enable acceleration by
i October 1965 in the most efficient manner.
Option 3 - Proceeding with the plan outlined in the ii
May planning package.
By late June, the advisability of increased planning in the
GPTFarea becameapparent, and NASA,LeRC, requested a study of the advantages
of increased GPS/GPTFplanning for the period between i July and i October 1965.
A program plan covering this 3-month period was developed. This information
will be presented to NASA,LeRC, early during the next report period.
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As part of the general cleanup of the TSE design, the HRL and
HRS system P&I diagram was reviewed, and development of a refined diagram was
underway by the end of June.
Two project engineer meetings were held with AI. The purpose
of these meetings was reviewed in light of the restricted GPTF program. It was
concluded that the meetings should continue in order to provide Aerojet/Al
coordination in the following areas: (a) conceptual design of the primary
loop for GPS, (b) S8DS test plans, (c) GPTF facility construction, (d) GPTF
TSE arrangement_ (e) space allocation in GPTF, (f) PCS envelope, and (g) GPS
functional interfaces.
During this report period, activity at GPTF in relation to
installation of SSDS shakedown equipment increased considerably. As of the
end of June, the status was as follows:
Much of the piping and tankage required for NS
shakedown had been delivered to GPTF with a
significant percentage installed.
The air-blast cooler was installed on the TSE
pad.
The reactor vacuum system was completed, including
operation testing.
Control consoles and instrumentation racks were
installed in the control room.
The shield water-cooling system was cleaned and
filled.
Wires for NS shakedown were pulled into conduits
between the control room and vault.
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TABLE IV-1
RECOMMENDED GPS PMA/INVERTERARRANG_ENTS
FOR VARIOUS HRL PMA STARTING TORQUES
35 Problem needs reevaluation; major redesign probably required.
32.5
3o
27.3
Each PMA started with a single unloaded -1 inverter operating at 95
cps and at a high voltage setting. Since four inverters is undesirable,
it appears feasible to use one inverter for starting each PMA - then
switch the load to a second inverter. Once the last PMA had been
started, one PMAwould be switched back to the first inverter for a
two-two arrangement.
Two inverters required. Sequence startup of two primary HRL PMAs and
25
24.1
run on one -i inverter. Same for HRL and L/C BMAs on the other -i
inverter. Inverter operated at 95 cps at high voltage setting.
2O
Two primary HRL PMAs loaded on, started, and operated si_altaneously
off one -i inverter. The HRL and L/C PMAs are similarly loaded on,
started, and operated together off second -i inverter. Inverters
operated at 95 cps at high voltage setting.
15
13.4
lO
Although not recommended because inverter heat capacity may be exceeded,
it appears possible to start and operate through 95 and 220 cps opera-
tion with one -1 inverter powering one untrimmed -1 HRL PMA in primary,
one -1 L/C PMA, and one -1 HRL PMA in HRL. Thirty seconds before intro-
duction of mercury, the second untrimmed -1 HRL PMA is loaded onto same
inverter and started on 220 cps. Another reason for not recommending
this approach is that the primary loop may experience undesirable
temperature transients.
5.3
5
4.85
0
Same as below 2 only the PMAs are sequenced when loadin_ inverter.
Two primary HRL PMA loaded on, started, and operated together off one
-i inverter at 95 cps and at the low voltage setting; L/C and HRL PMA
similarly loaded on second inverter.
Table IV-1
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V. COMPONENTS
A. TURBINE-ALTERNATOR ASSemBLY (TAA)
1. Turbine Assembly
a. Summary of Technical Achievements
The most significant achievement during this reporting
period has been the operation of a turbine-alternator assembly on mercury vapor
for a total accumulated running time of 830 hours, including 44 starts. A con-
siderable portion of this testing period was conducted at conditions far removed
from the TAA design operating conditions, particularly during the early part of
the test series. Low mercury flow rates, low power levels, low exit pressures,
and vapor qualities at the turbine inlet of 65% to 85% were experienced for long
periods. In addition, an overspeed condition of 19,000 rpm occurred during the
first start. This TAA has therefore been subjected to adverse test conditions
relative to the operating conditions for which it was designed.
b. Operation of TAA (P/N 093000-5, S/N 3/2) on Mercury Vapor
The primary objectives of this test series were to obtain
specific performance data and to accumulate 1,O00 hr of endurance running at power
levels in excess of 54 kw.
The first tests of a SNAP-8 TAAutilizing mercury vapor
were conducted in RPL-2 during the period from 13 November 1964 through 22 June
1965. The results of the initial 160 hours of operation, from ii November 1964
to ii December 1964, were presented in a technical memorandum (Reference 3)-
The next 293 hours of operation of this TAA in RPL-2 occurred during development
tests on electrical speed-control components, the additional running time on the
TAAand any performance data being by-products of the electrical control tests.
The electrical control tests were completed on 3 March 1965. The TAA at that time
had accumulated a total of 453 hr and 15 min of operation on mercury, and had been
subjected to 37 starts. Following the electrical tests, new (higher) PCS-I
operating conditions were required and I000 hr endurance testing was added to the
test request.
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NewPCS-I requirements are as follows:
Turbine inlet pressure:
Turbine inlet temperature:
Turbine exit pressure:
Mercury flow rate:
276 psia (was 265 psia)
1250°F (was 1250°F)
14.5 psia (was 20 psia)
11,750lb/hr(was11,200lb/hr)
Significant results are indicated in Figures V-I, V-2,
and V-3. Figure V-I shows the overall TAA efficiency variation with mercury flow
rate. At design flow rate, a TAA efficiency of 46.5_ is indicated compared with
a predicted value of 48.0_ for this unit. It is to be recognized that this unit
has certain mechanical deficiencies (which can be corrected) such as much higher
labyrinth seal leakages than anticipated and leakages over the nozzle vane tips,
which account for the predicted performance being lower than the original design
estimates. Figure V-2 shows the effect of the turbine exit pressure and inlet
temperature on TAA performance. At the design flow rate it can be seen that the
TAA produced 47.5 kw compared with a predicted 52 kw. The prime cause of the
lower measured TAA performance is attributed to the turbine, the performance of
which has been directly penalized by the larger internal leakages. In addition,
liquid carryover from the boiler (see Section V-C of this report), hitherto not
anticipated, accounts for approximately two efficiency points penalty for the
turbine. Figure V-3 shows the turbine aerothermodynamic efficiency against velocity
ratio. Figure V-4 shows the breakdown of losses contributing to the measured
performance. The measured turbine efficiency at close to design condition is
apparently 53_ compared with the predicted 58_ nominal (design value 60_) for this
machine. The fact that liquid carry-over in the vapor has been imposed on the
turbine unduly denigrated the measured turbine performance. Thus at design condi-
tions of dry mercury vapor, the measured turbine aerothermodynamic efficiency
should be at least 56_.
During the period that the TAA was operated at, or near,
design conditions (from runs 29 and 30), the turbine interstage pressure transducers
were not functioning adequately, and individual stage performance could not be
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evaluated. Figure V-5 shows a comparison of measuredskin temperatures on the
TAA, with an estimated thermal map. Goodagreement is evident.
(i) Method of Calculating Turbine Flow Rate
In keeping with a constant evaluation of the data
obtained from the TAAtests, it was observed that on occasions when liquid
carry-over from the boiler was believed to be very small (about 2%) there were
distinct differences between the measuredliquid flow rates and the calculated
flow rates in the turbine nozzle. The discrepancies were believed to be caused
by leakage of mercury through the desuperheater. However, the discrepancy still
existed when the desuperheater was removedfrom the loop. The choked flow equa-
tion used for the turbine nozzle flow rate was _ - 1775 Pin ib/hr. The constant,
also containing a correction for effective flow area, is a compromise between
using a perfect gas relationship and assuming the equilibrium characteristics
of the Mollier diagram. This compromise was made using minimal information as
to the correct regime which may exist at the nozzle throat.
The continuing discrepancy between these two flow
rates throughout the test series prompted a more critical appraisal of the constant
which can be used. Data from several runs when liquid carry-overwas believed
minimal has been plotted (Figure V-6) in the form of liquid mercury flow against
a calculated vapor flow rate using three different constants. Assuming no change
in flow area, the change in constant is merely a change in physical properties
(7, R, etc.) of the fluid. The results indicate that a choked flow equation for
• 1950 Pin
the first stage nozzle of W - _ will give a more realistic value of flow
rate. This constant of 1950 is a perfect gas constant for choked flow for mercury
vapor, corrected for thermal expansion in the nozzle. As further correlation for
using a perfect gas relationship, data from the boiler conditioning tests (Reference
8) were examined on the same basis (Figure V-7), and good agreement is indicated.
Calculations performed independently at NASA-LeRC, Cleveland, and at Aerojet
further confirmed the approach. Data points from Run 43 were used and flow rates
calculated using the fourth-stage nozzle inlet pressure and measured flow area
(N2 flow check). Using the perfect gas relationship, correcting for liquid carry-
over condensation and leakages, the following agreement was indicated:
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(Data Point: Run 43, Time: 1400 hr, date 8 June 1965)
Measured Liquid Flow Measured Vapor Flow Calculated Flow
14,500 ib/hr 13,450 ib/hr From 4th Stage Nozzle:
13,279 ib/hr
From 2nd Stage Nozzle:
13,427 Ib/hr
Consequently, based on this new knowledge, the
test results reported in Reference 3 may be modified in a supplement to the
original document if a critical appraisal of flow rates and pressure levels
support the assumption of choked flow in the turbine first-stage nozzle.
(2) Performance Degradation
The TAA was restarted (Run 43) in May, and the
indications were that the boiler had conditioned without the need for an additive.
As the mercury flow rate was increased, it became apparent that the turbine
inlet pressure would be substantially lower than that expected for the required
flow rate. Three methods of flow measurement were used in the loop - liquid flow
rate via two liquid venturis, a vapor venturi, and the calculated flow via the
choked turbine first-stage nozzle. Typical values obtained are shown below.
(i) Liquid Flow (ib/hr)
14,500
(2) Vapor Venturi Flow
13,500
(3) Turbine Nozzle Flow
11,150
The difference between flow rates i and 2 is
attributed to liquid carry-over (9%); however, flow rates 2 and 3 should be the
same. The pressure transducers measuring the turbine inlet pressure were checked
out and found to be functioning normally, and could be eliminated as the cause of
discrepancy. The transducers (and visual backup gages) for the liquid and vapor
venturis were also functioning properly. The only other alternative was that a
change in the first-stage nozzle effective-flow area had occurred. To determine
the truth of this supposition, test data from Run 29 (December 1964) were re-
examined in detail with regard to the change in the ratio of turbine vapor flow
to venturi vapor flow with run time. These data (Figure V-8) show that this ratio
(which should be unity) started to decline shortly after the electrical control
el
I
I
I
i
I
I
I
i
I
I
i
I
I
I
I
I
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tests were started (Run 31). This decline continued until May (Run 43) when
this ratio then remained essentially constant during 2 weeks of operation
(336 hours).
failure of an HRL _ pump.
(3)
restarted.
The test loop was shut down 17 June 1965 due to
Failure of Turbine Components
On 22 June 1965 the test loop and the TAAwere
Some difficulty was apparent in keeping the unit up to speed, and
all the vehicle load had to be removed to maintain a speed above ll,000 rpm.
Approximately 70 sec after startup, the TAA speed dropped to zero (within 5 sec).
The power level was 13.0 kw just prior to start of the drop in speed.
Pertinent functions which could shed light on the
reason for failure were examined in detail for periods just prior to and
including the period when rotation ceased. The most significant record avail-
able was the audio play-back of the accelerometer and recording tape. Visual
and audible indications were that some mechanical failure had occurred. An
attempt was also made to rotate the unit by hand by removing the thrust balance
line and inserting an Allen wrench in the end of the turbine wheel locating bolt.
Little rotation was possible even with 150 lb-in, of torque. It was then decided
to remove the unit from the loop and disassemble it.
The unit was removed from the loop and disassembled.
Upon removal of the turbine inlet housing, it was found that the first-stage wheel
was in several pieces (Figure V-9). All the blades had been sheared from the
disk but the wheel hub and thrust balance piston were still retained (though
cracked in three places 120 ° apart) by the wheel locating bolt. The second-stage
nozzle was cracked in several places (Figure V-lO) such that the main body of
the diaphragm was free of its peripheral shroud. All the second-stage wheel
blades had been sheared from the disk. The wheel disk had three radial cracks
120 ° apart, but the wheel was not in pieces, being held intact by the axial load
imposed by the turbine wheel retaining bolt (approximately 40 lb-in, torque).
The third- and fourth-stage wheels were in excellent condition as was the third-
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stage nozzle. The only damage to the fourth-stage nozzle was an axial crack
in the shroud, apparently emanating from a region of high stress concentration.
Cracks were found in the inlet housing weld joints
where the first-stage nozzle inserts are installed. One nozzle insert was
distinctly loose and contained a radial crack at its midpoint (Figure V-II).
The thrust balance labyrinth seal was in two pieces, cracked at two diametrically
opposite places. The Spirolox retaining rings for the thrust seal and the
first interstage seal were missing. The antirotation pins for all the labyrinth
seals were sheared off and missing. The turbine alternator bearing assembly
rotated freely, required 2 ib-in, of torque identical to the torque required
at assembly of the unit. The alternator also rotated freely. The male and
female portions of the spline showed no evidence of wear or abnormalities.
(4) Failure Analysis
Examination of the parts of the turbine assembly
that failed in RPL-2 testing has determined that failures had occurred in the
following items: first-stage nozzle inserts, second-stage nozzle diaphragm
assembly, labyrinth seal retaining rings and antirotation pins, and visco pump.
(a) First-Stage Nozzle Inserts
The two nozzle inserts of Stellite 6B which
were welded into the 316 SS inlet housing were loose to the extent that about
0.030 in. axial movement at the vane tips was possible (Figure V-12). The
failure had occurred not in the welds but at the junction of the welding lip to
the body of the insert. This damage had occurred prior to the failure on 22
June and was attributed to thermal transients and stress concentration.
(b) Second-Stage Nozzle Diaphragm Assembly
Failures in this assembly of Stellite 6B
_$efore the failure on 22 June included five radial cracks completely through the
heavy outer rim. These cracks had occurred at the corners of the positioning slots
and the pressure tap hole. The cracks originating at the two slots between nozzle
inserts had propagated to the nozzle cutout. This failure was the result of thermal
transients during starting.
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and were missing.
second-stage seal were missing.
out of its groove, Figure V-13.
(c) Labyrinth Seal Retaining Rings and Anti-
rotation Pins
All the antirotation pins had been broken off
The Spirolox retaining rings for the balance piston seal and
The third-stage retaining ring was about half
Failure of the pins was attributed to the
pounding from the labyrinth seal dynamics during shutdown when the low differential
pressure between stages does not provide a sufficient damping force.
Failure of the retaining rings was attributed
primarily to the use of SAE 1070-1090 spring steel in the high-temperature environ-
ment and secondarily to the dynamics of the labyrinth seals during shutdown.
(d) Visco Pump
The smooth runner and herringbone bore of
the visco pump suffered severe cavitation-erosion damage (Figure V-14). An
investigation into possible causes for the failure is in process.
(5) Theory of Failure
Examination of the parts of the turbine assembly
has indicated that this failure was due directly to the Spirolox retaining ring
used to keep the second-stage labyrinth seal in close proximity to its seat until
the differential pressure during normal operation is established. It is not yet
clear how or why this ring came loose, but the evidence currently indicates it was
the trigger in the sequence of events.
A failure mode to fit the evidence starts with the
retaining rings coming out of their grooves and interacting with the shaft. During
starting and stopping, there would be relative motion between the two due to
acceleration and inertia forces. During normal running, two steady-state extremes
may be postulated: (1) the ring was restrained from rotating but was forced
against the shaft so that wear occurred, or (2) the ring was picked up by the
shaft and spun at shaft speed. If the latter were the case, centrifugal forces
combined with the high temperature of the ring would cause it to elongate and/or
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unwrap. In either case, prolonged operation would permit all or parts of the
retaining ring to reach the blade area.
All or part of the retaining ring may have been in
the first-stage-blad/second-stage nozzle area for some time, but in a dormant
state, needing only to be dislodged. In the shutdown of RPL-2 prior to the run
of this turbine failure, the failure of the EM pump in the heat rejection loop
caused a pressure surge in the condenser. The mercury loop was dumped at two
places: at the boiler and at the condenser. Pressure surges during this opera-
tion may have relocated the retaining ring to a position where some further
disturbance, however small, would jam the ring with one or more blades of the
first-stage turbine wheel.
Whatever the cause, when the ring jammed between
the blades and housing, a blade was broken off. While tumbling around in its
place, it jammed against the inner surface of the shroud or the leading edges of
the second-stage nozzle vanes and proceeded to strip some of the blades on the
first-stage wheel. During this time, the whirling blade debris broke the trailing
edges of the first-stage nozzle vanes and started jamming the second-stage nozzle.
Already weakened from the previous cracks, the second-stage diaphragm was unable
to withstand the mechanical shocks from the debris combined with a possible load
from a pressure surge due to blockage of the nozzles with the debris. When the
second-stage diaphragm failed, it moved axially until contact was made with the rim
of the second-stage wheel. Pieces of debris able to pass through the nozzle
passages jammed between the diaphragm and blades. This action broke the trailing
edges of the second-stage nozzle vanes and stripped some of the blades from the
second-stage wheel. These blades were able to fall to the bottom of the half-inch-
wide clearance space behind the second-stage wheel where they accumulated and
helped strip the remaining blades.
With the diaphragm against the second-stage wheel,
the axial clearance downstream of the first-stage wheel was about doubled. This
increased clearance permitted the whirling debris of the first-stage wheel to
fall and accumulate in the bottom of the space between the first-stage wheel and
the displaced second-stage diaphragm. During the accumulation of the debris_
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the downstream side of the first-stage wheel was thoroughly scraped of its black
coating and smeared with metal at the outer edge. Finally, the debris acted as
a sprag between the rotating first-stage wheel and the stationary second-stage
diaphragm, and applied a large axial load. Under this axial load, the first-stage
wheel ruptured and the second-stage wheel may have been overstressed but not
cracked. During the breakup of the first-stage wheel, the segment(s) with the
unbroken blades skidded around the inner surface of the shroud wearing down
the blades and breaking them with impact loads caused by other debris or by dis-
continuities at the cracks of the shroud.
At a considerably reduced speed, the irregular rub
of the ruptured first-stage wheel rotating in the debris trapped a piece between
it and the bore in the second-stage nozzle diaphragm used to contain the
labyrinth seal. This cam action produced a large radial and axial force that
was reacted through the labyrinth seal that bears on the hubs of the first- and
second-stage wheels and the diaphragm against the second-stage wheel. This load
cracked the second-stage wheel but, by this time, the speed had been so reduced
that the curvic couplings were able to retain the broken quadrant of the second-
stage wheel.
The TA bearings remained in good condition. The
lubricant-coolant was mix-4P3E polyphenyl ether. Operating speed was at or near
12,000 rpm most of the time; however, during the performance tests, speeds ranged
from 8,500 to 13,500 rpm. During the first test, the TAA oversped to 19,000 rpm.
It is important to note that acceleration to the overspeed condition occurred
smoothly with no significant increase in vibration level.
Most of the tests were performed with the lubricant
at approximately 210°F and injected at a flow rate of about 200 lb/hr to each
bearing. However, the bearing discharge pressure was only _2 psia compared with
a design requirement of 5.0 psia. This was due to failure of the lubricant-
coolant discharge valve when attempts were made to raise the bearing-slinger
discharge pressure to 5.0 psia.
Prior to TAA startup, the lubricant was degassed by
circulation through a filtered bypass circuit for several hours at approximately
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250°F and with a vacuum maintained in the supply tank. During operation, the
lubricant passed through two filters in series before injection into the bearings:
a coolant loop filter of 25-micron nominal rating and the TAA filter rated at
5 microns nominal. Preceding all runs where the unit had been idle for some
time, lubricant at 210°F was injected into each bearing for 3 sec at a flow rate
of 200 ib/hr. After each startup, continuous lubricant flow was initiated when
the unit reached a speed of about 8000 rpm. At shutdown the lubricant inlet
valve was closed when the unit had decelerated to about 9000 rpm; at approxi-
mately 8000 rpm the lubricant outlet valve was closed.
Tests were performed with no abnormal incidents
related to the bearings or the lubrication system.
The turbine assembly was disassembled and the
bearings (S/N A-8 and A-12) were examined. Figure V-15 shows the bearings,
slingers, and lubrication rings.
No scratches or damage of any kind was evident on
bearings, bores, outside diameters, or sides. It can be concluded that (I) the
assembly and disassembly procedures were proper, (2) the inner ring (the bearing
locknut) did not move during operation, and (3) the outer ring did not move
circumferentially, and the outer clearances were proper.
Some unidentified metallic particles were found in
bearing S/N A-8 on the surfaces of balls, retainer, and inner ring. There were
also some concentric shiny circles on the balls of the same bearing. Bearing
S/N A-12 did not show similar items. A more detailed engineering examination
is in progress.
The alternator assembly S/N A-2 was not disassembled.
The bearings rotated smoothly by hand rotation.
In general, the remainder of the turbine assembly
appeared to be unaffected by the turbine failure. Follow-up dimensional and
material checks will be accomplished on the surviving as well as the failed parts.
A review and compilation of test history was initiated to find and correlate, if
possible, events and performances relating to the previous damage noted. A final
report (technical memorandum) will be published in August 1965.
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c. TAHardware Status
During this reporting period the following significant
hardware status changes have been made:
(1) Nozzle assemblies P/N 092070 (second stage),
P/N 092080 (third stage), and P/N 092090 (fourth stage), from TA 5/1 and TA 6/1
(P/N 092100-11) were modified to increase the flow area approximately 5%. This
changewas madeto increase the turbine output power capability to meet the new
PCS-1system requirement. The P/N 092070 (second-stage) nozzle assembly was
modified by Elox machining and the P/N092080 and P/N 092090 third- and fourth-
stage nozzle assemblies were disassembled and remachined by milling. Noproblems
were encountered.
(2) Following the failure of TA 3/2 (P/N 092100-5) in
RPL-2, all turbine assemblies except the LeRCunit (TA 4/1, P/N 092100-5) had
been disassembled and are being reinspected and modified.
(3) P/N092040 first-stage nozzle assembly has been
redesigned in the nozzle insert area. Dueto the failure of the nozzle insert
retaining weld, the weld preparation has been removedand replaced with a solid
bar of 316 SS retainer welded to the solid 316 SShousing face. The nozzle vanes,
madeof Stellite 6B, are separate pieces inserted into slots in the 316 SSretainer.
(4) The labyrinth retaining method is being redesigned.
(5) P/N 092080-13and P/N 092090-11, third- and fourth-
stage nozzle assemblies, are being modified to relieve the stress risers at the
alignment notches that failued during RPL-2testing of TA 3/2, P/N 092100-5.
Interstage instrumentation and viewing ports are also being redesigned.
(6) P/N 092070-11, second-stage nozzle assembly is being
modified similar to the third- and fourth-stage nozzle assemblies. In addition
to those changes, other methods of assembly are being considered.
(7) The design of P/N 092077-1 visco pumpring, which
was badly damageddue to erosion-cavitation during testing in RPL-2, is currently
being studied for ways to increase the erosion-cavitation resistance.
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(8) The status and plans for all TA hardware is tabulated
in Table V-I.
(9) All TAAsexcept the LeRCunit (P/N 093000-7) have
been disassembled and modified.
(i0) A mockupTAAis being assembled for use in the
PCS-I system assembly.
d. Problems and Solutions
Problem i: Labyrinth Pin and Retainer Failure, and Fixed
vs Floating Seal Concept.
Solution: The Spirolox retainers which failed were
1070-1090 spring steel instead of 410 SS as designed, and at the operating condi-
tion were more ductile than provided for in the design. They were also considered
an unreliable method for retaining moving parts; therefore a positive method of
retaining the seal was found.
The labyrinth seal antirotation pins that failed in RPL-2
testing were unnecessary for the new design and are being removed. A review of
the labyrinth seal tests and dynamics involved during stopping transients
indicates that the bouncing of the seal was amplified by the pins without benefit
of damping by a pressure differential across the labyrinth. Therefore, it was
determined that the pins were detrimental to the seal's operation. The labyrinth
seal Spirolox retainer is being replaced with a tapered snap ring that provides
axial clamping of the labyrinth to the nozzle diaphragms. The snap ring is locked
in place by a segmented washer.
The question of whether the seal should be a fixed part
of the nozzle diaphragm or separate with axial clamping was reviewed; the decision
was made to use the separate-piece seal concept for the following reasons:
(i) Manufacturing tolerances are such that line boring
and mating of nozzle assemblies with cases would be required.
(2) Other design methods of aligning the nozzle assemblies
would be required. At the present time the nozzle assemblies are per_l_tted to
displace radially 0.004 TIR, which leaves 0.001 in. runout of all other parts
(assuming 0.005 in. radial seal clearance).
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(3) Rubbing of the seal in a fixed design would generate
high surface loads and stresses, leading to possible failure and larger leakage
clearances.
to-shaft runout.
(4) The separate seal permits greater nozzle diaphragm-
(5) The separate-piece design with Stellite 6B on
Stellite 6B appears to work well with respect to wear and thermal cycling.
Problem 2: Fail1_re of _rbine Nozzle Diaphragms
Solution: The failure of the turbine nozzle diaphragms
discussed in previous paragraphs is currently being studied on the basis of
material, construction, thermal stresses, and stress risers.
No definite conclusions have been reached to date except
that the stress risers in the shroud rings are excessive, and all hardware is
being modified for stress relief. Preliminary analysis indicates that the second-
stage nozzle assembly will require complete redesign because of thermal stresses.
Problem _: First-Stage Nozzle Insert Retention Failure.
The first-stage nozzle insert failed at the welded joint between the insert
(Stellite 6B) and the inlet housing (316 SS) 1
Solution and Conclusions: A design review was made of
the problem area. It was determined that welding of dissimilar materials (Stellite
6B and 316 SS) was not a suitable method of retaining the nozzle inserts at the
turbine operating conditions because of (I) the loads applied to the welds from
differential expansion of the materials, and (2) thermal cycling. Therefore,
it was decided to remove the weld preparations and replace the fusion weld butt
joint with a mechanical retention method. Several such methods are being con-
sidered.
Problem 4: Be Turbine Seal-to-Space Visco Pump Failure.
The visco pump parts, both rotating and stationary, were
heavily damaged by erosion-cavitation after 830 hours of accumulated running in
RPL-2.
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At present, the material is being changed on the rotating
memberof the seal from Greek Ascalloy to a material that will better resist
erosion-cavitation. Studies were initiated to determine the cause of the erosion-
cavitation in the visco pumpseal. No definite conclusions or recommendations
have been madeto date.
Someof the parameters that are being considered are
(i) erosion-cavitation effects of rotating vs stationary screw, (2) effects of
mercury temperature on erosion-cavitation, (3) analysis of clearances and
eccentricities with respect to erosion-cavitation, and (4) surface finish vs
cavitation.
2. Alternator Assembly
a. Summary of Achievements
The preprototype alternator (P/N 094162-1, S/N 481488),
completed 895 hours of accumulated running which includes 65 hr of testing at
the General Electric Co., Erie, Pa., and 830 hr of testing at Aerojet in RPL-2
as part of TAA 3/2.
Three prototype alternators (P/N 094069-1; S/N 481489,
S/N 481490, and S/N 481491) were completed and tested. (The prototype alternator
is shown in Figure V-16.)
On prototype alternator P/N 094069-1, S/N 481491 (and
following units), the stator end-turn 180 ° bus ring hot-spot temperature problem
was solved.
The rotor material of all prototype alternators was changed
from 4130 to 4620, which resulted in a 30% reduction in rotor a_ere-turn at
full load and a i amp reduction in full-load excitation current.
All major problem areas have been solved and corrected.
The prototype alternator is capable of operating at an
87.5 kva rating without a change in design which is limited by end turn operating
temperature and excitation requirements.
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b. Discussion of Test Results
The prototype alternator (P/N 094069-1, S/N 481489) was
development-tested, with the following major discrepancies from AGCSpecification
10175 noted:
(i) The cooling jacket pressure drop was 3.6 psi higher
than the I0 psi 2_Ppermitted in the specification. The higher2_Pwas caused by
a modification in the length of the heat exchanger that was required to accommodate
a larger trunnion mount. The specification was then reviewed and revised to
permit 14 psi Z_P.
(2) The end turn (180° bus ring) temperature was 9°C
higher than the 200°C specified level. The cause of this high temperature was
insufficient conductor cross sections leaking to the terminals. Since the loca-
tion of the bus ring is such that a failure of the insulation system at that point
would not affect the reliability of the insulation system, the specification was
changed to permit 210°C in the 180° bus ring.
(3) The open-circuit time constant was 0.018 sec over
the 0.50-sec specification requirement. The specification was relaxed to 0.60
sec in view of the fact that the voltage regulator, which is the limiting criterion,
was not affected by this change.
Figure V-17 showsthe efficiency of the prototype alternator
at various power factors and loads. Table V-2 is a tabulation of segregation of
losses for those loads and power factors.
Figure V-18 showsthe end-turn hot-spot temperature vs
kva at the alternator terminals, and indicates that the insulation system is
capable of safe operation up to 91-92 kva. Tests run on the third prototype
machine at 87.5 kva (PCS-I requirement) indicated an end-turn temperature of
194°C, which verifies the curve and indicates that this alternator is capable of
operation higher than the designed 80 kva rating without change to the design.
The variable parameters of four preprototype alternators
(P/N094162-1) and three prototype alternators (P/N094069-1) are described in
tabular form in Table V-3.
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c. Alternator Hardware Status
The status of all alternator hardware is tabulated in
Table V-4. To date, four preprototype alternators and two prototype alternators
have been shipped to Aerojet. The undelivered units are scheduled as follows:
S/N 481491
S/N 481492
S/N 481510
16 July 1965
6 August 1965
23 August 1965
No further fabrication of new hardware is contemplated at this date.
d. Problem Areas and Solutions
The alternator must have a long life and high reliability;
therefore, the hot-spot temperature is critical in determining the insulation life.
Aerojet Specification 10175 requirement is that the hot-spot temperature at rated
load should not exceed 200°C. This has since been modified to allow the 180 °
bus-ring temperature to approach 210°C (the bus ring is not located in the
insulation system where the life of the insulation system is critically affected).
Tests on the preprototype machines (P/N O94162-1) showed
that the 180 ° bus-ring temperature was the highest of any in the winding; it was
the only temperature to exceed 200°C. To reduce the temperature, the cross
section of the 180 ° bus was increased in the prototype alternator (P/N 094069-1),
but test results on two machines showed little, if any, improvement.
(i) Conclusions
(a) The 180 ° bus-ring temperature in the prototype
alternator (P/N 094069-1) will depend on the temperature of the line terminal.
The thermal resistance for heat flow from the bus to the core, and eventually to
the cooling oil, is high enough so that only a few watts can be conducted with a
moderate temperature drop. The rest of the losses must be conducted out through
the terminal; the greatest losses occur in the leads.
(b) An increase in lead area reduces the bus
temperature for two reasons: one_ because the losses are greatly reduced; and
two, because the heat conduction from the bus to the terminal is improved.
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(c) The changesmadein the prototype machine
(P/N 094069-1) to upgrade the preprototype (P/N 094162-1) were ineffective because
the connection losses were not decreased appreciably; therefore, additional
analysis and design changeswere required.
(2) Analysis
The schematic of one phase of the prototype alter-
nator is shown in Figure V-19. The current distribution shown assumes equal
impedance in each leg of the circuit. Using the currents and resistances as
shown on the schematic, the following I2R lead losses are found:
Watts
Phase i 15.6
Phase 2 12.5
Phase 3 10.7
180 ° bus 1.43
90o bus 3.06
Neutral bus 0.36
The current in the equalizer depends on the un-
balance existing between the two halves of the circuit. This current is assumed
not to exceed i0 amp; the equalizer losses are then 0.18 w.
Convection and radiation have little effect on heat
transfer in the connections to the winding - convection because the interior of
the machine is under vacuum, and radiation because the temperature differences are
Therefore, conduction is the mode of heat transfer to dissipaterelatively small.
the losses.
tabulated below.
conductivity of copper.
The thermal resistances of the circuit elements are
These values were obtained using 9.4 w/sq in.fC/in, for the
Leads
180 ° bus
90o bus
Equalizer
Neutral bus
Stator
conductors
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2.74°C/in./w
O. 905°C/in./w
2.71°C/in./w
20.6°C/in./w
1.38°C/in./w
4.14°C/in./w
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The schematic diagram of the P/N 094168-1 preproto-
type alternator is shown in Figure V-19. The lead lengths are reported to be
about the same as those of the prototype alternator, and the neutral lead lengths
are comparable also.
The 12R losses in the 180 ° bus ring are 2.11 w.
The thermal resistance of the 180 ° bus ring is 1.36°C/in./w.
Heat generated in the leads and 180 ° bus can flow
through two stator conductors to the core and through the leads to the terminal.
The effective length of the stator conductors is greater than 3 in. because of
the insulation between them and the core, a relatively poor heat conductor. Each
of these conductors has another conductor on each side in the end turns; each
of the three has glass sleeving over it, giving a relatively high resistance heat
path. The conductors to which the 90o bus are attached are the ones in the bottom
of the stator slot; the 180 ° bus is attached to the conductors in the top of the
stator slot. The bottom conductor is the cooler; this may account for the fact
that the 90o bus temperature has not been a problem, although more losses are
generated in it than in the 180 ° bus, and its thermal resistance is higher. The
high temperature of the 180 ° bus should be caused by the conduction of some of
the lead losses to the core.
Another set of three No. 8 leads was attached from
each line terminal to the free end of the associated 180 ° bus in the stator for
the No. 3 machine.
The lengths and resistances of the added leads are
as follows:
Inches Ohms
Phase 1 2.2 0.000075
Phase 2 3.6 0.000121
Phase 3 4.5 0.000150
The currents and 12R losses in the end connections
for each phase are as follows:
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Original Leads AddedLeads 180° Bus
Phase Amps Watts __s Amps Watts
I 58.3 1.07 163.7 2.01 52.8 0.32
2 80.7 1.65 141.3 2.41 30.0 0.i0
3 95.9 1.98 126.1 2.38 15.1 0.02
These losses can be conducted to the terminals
with a moderate temperature drop. The temperature drop in the leads, when the
losses are assumed to flow to the terminal, and when the hot spot is at the 180 °
bus joint, are as follows:
Phase i - Original leads At = 13.9°C
Added leads At = 6.0°C
Phase 2 - Original leads At = 17.2°C
Added leads At = ll.9°C
Phase 3 - Original leads At = 17.6°C
Added leads At = 14.6°C
o
The temperatures in C rated conditions for the
SNAP-8 alternators to date are as follows:
ADE 90 ° 180 °
Pln sln Bus_s_ Bus
094162 481485 176.5 162.5 191.0
481486 194.0 182.5 221.0
481487 188.5 - 211.5
094162 481488 187.0 177.0 226.0
049069-1 481489 186.0 - 208.0
I 481490 190.0 - 225.0
No. 2 stator wound 148.0 - 178.0
049069-1 No. 3 stator wound 148.0 - 173.0
Table V-5 describes in tabulated form the past
problems, solutions considered, solution chosen, and the results. All major
problem areas have been adequately solved for reliability and serviceability of
the alternator, as shown in Tables V-6 and V-7.
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3. TAA Bearin6s
a. Bearing Procurement
Thirty-four angular-contact ball bearings (P/N 095355)
were manufactured by Industrial Tectonics, Inc., Compton, California, to Aerojet
drawing and Aerojet Development Component Specification AGC-IO206A. These
bearings were delivered during a period extending from 18 December 1964 through
4 March 1965. The first four bearings were expedited and inspected at the
vendor's plant on 18 December 1964. Two of these bearings were shipped directly
to General Electric Company, the alternator assembly (AA) subcontractor, for
use in the AA; two others were delivered to Aerojet for assembly in the PCS-I
TAA. By expediting these bearings, expensive retrofits were eliminated.
An additional eleven bearings were source-inspected and
delivered to Aerojet on 5 February 1965; four were shipped to General Electric
for assembly in the prototype alternators (S/N 481490 and S/N 481491). Balls
for the balance of the order (19 bearings) had to be remade because microcracks
developed during grinding operation. The balance of the bearings was source-
inspected and delivered to Aerojet on 26 February 1965. Finally, the bearing
material test coupons and test balls were received on 4 March 1965, completing
the purchase order.
b. Bearing Material
The AISI M-50 steel for these bearings was purchased during
the previous report period from Latrobe Steel Company, Latrobe, Pa. Latrobe's
test certificate qualified the material as Type I (air-melted), Class 3 (three
consumable electrode vacuum remelt cycles), M-50 bearing steel in accordance with
Aerojet Development Material Specification No. AGC-I0354. Table V-8 shows the
specified and the reported chemical composition, gas content, and micro-inclusion
rating of the steel. Information on the chemical composition, gas content, and
micro-inclusions of this heat of steel, as well as a similar analysis of other
bearing steel heats used on this program, will be used to facilitate attainment
of SNAP-8 ball bearing life requirements. Data gained from the Endurance Ball
Bearing Test Program and/or endurance bearing lives obtained from the SNAP-8
component tests will also prove useful.
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4. Bearing Test Program
A bearing test program of the endurance characteristics of
multiple remelt M-50 steel lubricated by mix-4P3E (polyphenyl ether) is being
performed by the SKF Industries, Inc. Research Laboratory. Endurance data col-
lected from the first two groups tested in this program during the fiscal year
1964 proved to be poor for a vacuum-remelted M-50 steel. These poor life data
were interpreted as having resulted from an unfavorable trace element content
of this heat of steel. The details are discussed in previous SNAP-8 Quarterly
Reports (Reference 9, i0, and Ii).
As a result of these tests, the program was redirected and a
second heat of steel, equivalent to Aerojet Development Material Specification
AGC 10354, Type i (air melted), Class 5 (five consumable electrode vacuum remelt
cycles) steel was purchased. This heat had a known favorable trace element index,
@ = 2.5 compared to @ = 7.0 for the first heat. Inner rings of size 309 (45 mm
bore) test bearings were manufactured from the second heat under the revised
program.
a.
failure or 200 x 106 revolutions, whichever occurs first:
No. of Material
Group Bearings M-50 Lubricant
I i0
Program0utline (Revised)
The following groups of bearings are to be tested to fatigue
5th remelt Socony Mobil
DTE extra-
heavy oil
Outer Race
Temperature
203-221°F
2 i0 5th remelt Mix-4P3E 231-249°F
Reference 12.
Remarks
Baseline tests
in mineral oil
Details of the complete program have been reported in
b. Test Bearings
A 25-bearing group was manufactured having inner rings made
from the second heat of fifth CVM M-50 steel. These bearings were assembled with
CVM 52100 outer rings and Hofors acid, open hearth, air-melted 52100 balls. The
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following measurementswere madefor each bearing and recorded: bore diameter,
inner and outer ring groove radii, groove contour traces, radial looseness, and
surface finish.
During the manufacture of the test bearings there were
difficulties encountered in obtaining proper finish of the bearing race-ways.
The rings were remadeand a proper race-way finish was obtained by changing de-
tails of the grinding operation. Remakingof the rings movedthe program
schedule up by one month.
In addition to the detailed dimensional inspection, a
visual inspection was performed on all the test bearings before testing. In
every case, bearings were removedfrom the test machine. A representative sample
of a visual inspection log of a test bearing is shownin Table V-9. This particular
inspection log is for test bearing, S/N 806607. The log shows, amongother data,
the inspector's report and the recommendedispositions at a bearing life of
zero, 37.2 x 106, and 207.7 x 106 revolutions. To date, no evidence has been
discovered to indicate the presence of outside factors which might compromise
the endurance data collected during this test program.
c. Baseline Fatigue Tests in Mineral Oil
The first ten acceptable bearings after dimensional and
visual inspections were designated as the group to be tested with mineral oil.
These tests will serve as a baseline against which test data obtained from the
second group, tested in Mix-4P3E, will be compared.
Endurance tests were conducted at 9700 rpm under a radial
load of 4240 ib (C/P = 2.15, AFBMABI0 = i0 million revolutions), and the test
bearings were jet-lubricated directed at the inner race contact area, with
circulating SoconyMobil DTEextra-heavy oil supplied at a rate sufficient to
maintain the outer race operating temperature between 203 and 221°F. In these
tests, the bearing operating temperature and the oil output temperatures at each
test bearing were monitored and comparedwith preset limits by an IBM 1710 data-
logging system. Oil flow was manually adjusted to keep the bearing outer race
temperature within specified limits. Hourly, this system records on punched paper
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tape the oil output temperature of each test head. The lubricant temperature
and flow rates were manually recorded at 8-hour intervals. These data show that
oil input temperatures varied from 86.7 to i09.4°F, and the oil output tempera-
tures varied from 123.8 to 190.4°F. Oil flow rate adjustments were within +_30%
from a meanflow rate during the course of any continuous running of a test
bearing (tests are run continuously during the week and shut downon weekends).
The oil flow rate for all the tests varied from 0.12 gpmto 0.35 gpm.
Endurance data collected during the tests, as listed by
the IBM control system, is shownin Table V-IO. These data include two inner
race fatigue failures at 19.6 and 140.2 million revolutions, one suspendedtest
due to a ball failure at 122.3 million revolutions, and seven bearings which
successfully attained the time-up life of over 200 million revolutions without
failing.
The maximumlikelihood estimated BIO life for these tests
is 76 million revolutions, or 7.6 times the catalog life. This estimated life
looks better than the BIO lives of 29.3 million, 35.9 million, and 14.7 million
revolutions for the first, the second, and the fifth CVMM-50steel, respectively,
which were tested earlier in the program.
The maximumlikelihood of bearing life is determined by
use of a method of estimation for parameters of a Weibull distribution, and takes
into account the probability of survival of all suspendedtests. Here it is
assumedthat the test group has a Weibull life distribution, with unknownscale
parameter BIO, slope or dispersion parameter e, and a zero minimumlife. The
system of two simultaneous equations in BI0 and e, with the input of bearing test
data, is maximized for length of life by use of an IBM 1620 computer, giving a
solution of BIO and e for the particular group of test bearings.
Because of the small group of only ten bearings used for
these tests (average group for fatigue testing is 30 bearings) and only two fatigue
failures out of the group, very wide confidence limits must be applied.
The n_ximumlikelihood method of estimation does not
directly yield confidence limits. One-sigmaconfidence limits of BIO for a test
group of 30 bearings were obtained by statistical analysis of knownvalues of
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known values of BI0 and e, simulating the tests of the groups, and then subjecting
the groups to maximumlikelihood estimation. In this manner, the graph shown
in Figure V-20 was plotted. The standard deviation sigma BI0 of this group of
BIO estimates is computedand expressed as a fraction _BI0/BI 0 of the population
value of BI0 and as a function of the population slope, e. Given the maximum
likelihood estimates for BI0 and Weibull slope, e, for a bearing life test group,
it is now possible to read from Figure V-20 the value of _I0/BIO- applicable to
the estimated value of e.
The maximumlikelihood estimates give an accurate value
of dispersion parameter, e, for percentages of failure of 50%and higher. For
two bearing failures of out of a group of ten (i.e., 20%failures), the e obtained
from the maximumlikelihood estimates is not accurate; therefore, a theoretical
value of e = i.i is assumed(which is probably a conservative value). Using
the graph of Figure V-20 we now read a value for o_10/Bl0 = 0.41, which is a
value for a group containing 30 bearings. For groups of size other than 30, a
correction proportional to the square root of the group size is applied to _i0'
The value of _°_I0 for group of i0 is 0.41 30 = 0.71.
BI0 i0
This value is then multiplied by the BIO life estimate for this group, and added
and subtracted from BIO life to form upper and lower one-sigma confidence limits.
One sigma is
= 0.71 x 76 x 106 rev = 5.4 catalog life
i0 x 106 rev/catalog life
The TAA bearing fatigue life is shown in Figure V-21 for
40 mmbearings, at 12,000 rpm, and a reliability of 99.5_. There are three curves
showing a function of equivalent bearing load in pounds vs fatigue life in hours.
The dash-dash curve shows bearing catalog life, the design life is shown by the
solid line, and the dash-dot curve represents the bearing test life translated
into operating hours of a TAA bearing. The upper and lower one-sigma confidence
limits are shown by shaded areas. It can be seen that the one-sigma, lower con-
fidence limit is just above the design life curve. The design point is shown for
a bearing equivalent load of 159 ib, giving bearing fatigue life of 24,000 hours.
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The method of obtaining confidence limits is admittedly
approximate since (i) the censoring conditions used _n the Monte Carlo techniques
are not exactly the sameas those encountered in the life tests, (2) the bearing
group size is only ten, and (3) there are only two fatigue failures (i.e., 20%
out of group of ten). However, the confidence bands at BI0 life (at 90%
reliability) from which B005 (at 99.5% reliability) was extrapolated should be
close enoughwithout committing too great an error.
Reviewing further the summaryof endurance data of
Table V-10, in terms of time, one might be suspicious of seeing all bearing
failures occurring on one test head - specifically No. 035. This is shown
graphically in Figure V-22. Since the group of ten bearings was dimensionally
and visually inspected it would be interesting to know what was the chance or
probability of picking the "poor" bearings at randomand assigning them to the
samemachine. A statistical analysis is being performed to provide the answer.
Oneof the following decisions maythen have to be made, which mayinfluence
further testing in mix-4P3E: (i) perform an additional two to four tests on
the sametest head with mineral oil and, based on the results, eliminate or in-
clude the 035 test head in mix-4P3E tests, (2) accept it as a statistical chance
and use the sametest heads. Choosing the first alternative would change the
scope and the schedule of the program.
d. Fatigue Tests in Polyphenyl Ether, Mix-4P3E
A group of i0 bearings has been selected from the remainder
of 25 for fatigue tests in mix-4P3E.
A quantity of 250 ib of mix-4P3E has been purchased from
the Shell Oil Company,NewYork, N.Y., manufactured to Aerojet Development
Material Specification AGC-I0320. The oil has been delivered to SKFin February
1965 in the originally packaged stainless-steel containers.
During the first week in July 1965 it is planned to re-
view the mix-4P3E oil schematic of the new test machines, test heads, test pro-
cedures, method of lubrication, and the new schedule. Based on this review, the
tests could start in August and finish in October 1965, at which time preliminary
test results could be available.
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B. PUMP-MOTORASSEMBLIES
i. NaKPump-MotorAssemblies (Figure V-23)
a. Summaryof Technical Achievements
During the time period covered in this report the following
technical achievements were realized:
(I) Several pump-motorassemblies were operated in NaK
in excess of 520 hours.
the numberof weldments.
(2)
(3)
The PMA restart difficulties were solved.
The final closure cans were modified to reduce
(4) Pump castings were eliminated and are being re-
placed with fabricated housings.
Several design modifications to the NaK PMA were Imade to
alleviate problems encountered during testing. The inability of the PMA to re-
start after stopping resulted in the thrust bearing design being modified. The
taper of the runner was increased to prevent wringing and pinning of the gimbal
mounts to prevent wedging. An analysis was made of the taper effect on the hydro-
dynamic film thickness in the thrust bearing of the NaK pump-motor assembly for
various degrees of taper on the thrust runner. It was shown that the tolerance
on pivot location was more significant than the effect of thrust runner taper
over the range of tapers used or contemplated. It was also shown that for the
present total axial load of 40 ib and the worst case of pivot location, a thrust
runner taper of 0.0022 in. per in. would result in a design margin 23_ greater
than the original design margin of 1.35 based upon an expected 80 ib load and
measured film thickness from tests. The detail analyses is documented in a
technical memorandum (Reference 13). The second thrust bearing modification was
the pinning of the pivots of the gimbal rings to prevent sliding of the gimbals
within their sockets into wedge conditions due to the mechanical advantage of the
radii.
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Becausethe final closure seal-weld on the first PMA
tested was found to leak NaK, these seals were redesigned to a spun, single-
piece design (Figure V-23), thus eliminating six welds and thereby increasing
the PMAreliability.
The porous castings of several pump-volute housings
leaked and were redesigned. Twohalves were machined from wrought material,
then welded together at the parting line (Figure V-24, bottom).
The test report for the primary NaKpumpand primary
pump-motor assembly has been completed and published (Reference 14). The immediate
result of this testing is that the primary NaEPMAwas replaced with the HRLPMA
for the primary system.
Several technical memorandacovering the design of NaK
pump-motorassemblies have been published during the report period (References
15-3o).
Four NaK pump-motor assemblies, tested in the LNL- 3
system, have accumulated more than 520 hours of operation in NaKand have per-
formed in accordance with the predicted performance. The most significant
achievement has been accomplished by the fourth PMA (S/N 093200-13, A-I/2).
This PMA, assembled with the modified thrust runner and gimbals, has been suc-
cessfully restarted more than i00 times at both cold and hot conditions with
variable voltages being applied. Prior to t.his, none of the previous three units
could be restarted more than 15 times before the bearings froze. This performance
definitely establishes that the restart problems have been solved by the thrust
bearing modification.
A summary of the number of NaKPMAunits built - together
with their configuration, their present location, and their accomplishments - is
given in Table V-II.
b. Discussion of Testing Results
A series of tests was conducted on the primary pump/HRL
motor combination using corrosion-inhibited water as the test fluid. The results
show that the pump head, with the trimmed impeller, was 8% low. This could be
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corrected by increasing the impeller diameter by 4%, or by reducing the front face
clearance which has the effect of raising the pumphead at the design point as
shownin Figure V-25. The primary motor power capabilities, shownin Figure V-26,
are insufficient to furnish the necessary power for the primary pumpand motor
hydraulic losses with the necessary system margin. This is mainly because the
motor hydraulic losses are greater than calculated. By using the HRLmotor
configuration, ample power is available but the overall efficiency is reduced
approximately 10%° With the combination of the primary pumpassembly and the HRL
motor assembly, the expected performance, shownin Figure V-27, would have satis-
fied the system requirements as they were at that time. However, system require-
ments have been increased beyond the capability of the primary pumpand, therefore,
its function will be accomplished by using a complete HRLNaKpump-motorassembly
with a 2%increase in overall efficiency. The results of these tests and compari-
sons madeare shownin Table V-12.
The HRLmotor starting torque tests were conducted at
various voltages and frequencies to determine the actual starting requirements
for the inverter and for PCS-I. The tests determined the locked-rotor motor
torque, current, and input power as a function of voltage to near motor saturation
at 60, 95, 220, and 400 cps. The test results establishing the locked-rotor torque
current and input power vs voltage are shownin Figures V-28, V-29, V-30, and V-31
for 60, 95, 220, and 400 cps, respectively. These curves correlate closely with
the in-air tests. A slight trailing off of the starting torque at high voltages
indicated the approach of the saturation point, but the motor-generator field
saturation prevented higher values.
According to calculations, omission of the rotor can
during testing would reduce the locked-rotor torque 5%at 400 cps, and 1%at 95
cps - both at rated voltages. Figure V-32 shows the test results of torque vs
voltage at 20, 30, 45, 60, 75, and 95 cps with the test vehicle rotor can removed.
This curve is used to determine the maximumtorque values at various frequencies
and voltages. The results of the HRLNaKmotor starting torque testing compared
closely with LNL-3 testing and the original calculated values.
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The data reduction and analysis of the HEL NaK PMA per-
formance obtained from the water tests was completed without modification to
the information reported in the last quarterly report (Reference ii). By com-
bining the tested motor data from the in-air and Phase i water tests with the EEL
pump test data from LNL-3, the projected HRL NaK PMA performance was established
(Figure V-33). The better-than-anticipated performance data obtained from the
LNL-3 NaKtesting of the complete HRL NaK PMA is shown in Figure V-34. A compari-
son with the NSL projected data is shown in Figure V-35. The higher head is
explained by instrumentation differences and the reduction of the impeller front
face clearance by 0.004 in. Lower-than-anticipated motor NaK eddy current losses
and the effect of the NaK eddy current on the motor's hydraulic losses represent
the reduction of the pump input power. The results of these tests and compari-
sons made with design values are shown on Table V-13.
A NaKmotor anomaly encountered during testing occurred
after the loop had been refilled with NaKand the l_¢_was operating during the
loop heating cycle. The PMA encountered an apparent loss of flow in the recircula-
tion system as noted by a complete absence of pressure readings on the test gages.
After several attempts, flow was established and testing proceeded. A recurrence
of the same phenomenon was encountered after a similar system refill. The problem
was caused by improper filling of the loop: the system had not been fully evacua-
ted during the fill with the result that gas accumulated at the eye of the re-
circulation impeller. No damage was incurred.
The current test objectives for LNL- 3 are to:
(i) Conduct a 3,000-hr endurance test at the primary
loop conditions to determine time-dependent variables.
(2) Perform a series of starts and stops at ambient
temperature, 500°F, and l170°F to demonstrate adequate restart capabilities.
(3) Perform a series of head-capacity runs and minimum-
NPSH tests.
conditions.
(4) Obtain thermal maps for the PMA at primary and HRL
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(5) Perform a series of purification runs varying from
high purity to gross oxide contamination to determine the limits for satisfactory
operation of the PMAs.
(6) Perform a series of tests to corroborate the torque-
speed curves for the PMAoperating with NaK.
(7) Increase motor temperature from normal to 600°F or
to the maximumtemperature that is not detrimental to the motor.
c. Hardware Status
While being fabricated, the can of the canned stator,
scheduled for the PCS-I HRLNaKloop, collapsed during the evacuation and baking
period of the fabrication cycle (Figure V-36). The motor potting compoundhad
plugged the evacuation boss at its base, preventing total evacuation of the canned
area and causing the can to buckle because of the buildup of pressure from the
temperature change. The plugged condition was not realized before the temperature
reached 600°F. The manufacturing process has been changedto remove the buildup
of potting compoundin the boss area and to confirm removal by a leakage test.
Plans for use of the second HRLNaKPMA,which was
assembled for PCS-I, had to be redirected, and the unit was used as a replacement
for the LNL-3 system because the motor seal weld in the installed unit failed. As
the result of a leak which occurrrd at the loop flanges and pumpvolute housing
casting, the HRLNaKPMA(P/N 093200-13, S/N A-I) assembled for PCS-I was used
as a replacement in LNL-3 system.
As a result of the leaking pumphousing castings, eight
machined pumphousings have been ordered.
PCS-I
LeRC
LNL-3
Environmental Test
Backup Unit
These units will be used as follows:
two units plus two spares
two units
one unit plus one spare
one unit
Nonassembledspare
ol
i
i
I
I
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d. Problem Areas Encountered
The HRLNaKPMA(P/N 093200-13, S/NA-I) was removed
from LNL-3 and cleaned by flushing with alcohol followed by water. The NaKre-
moval, although not complete, did allow safe disassembly. A high torque of 150
to 170 ib-in, was required to break the rotor free, thus substantiating the reason
for failure of the unit to restart in the loop. Slow hand rotation of the rotor
caused the torque to build up to 30 ib-in, while rapid rotation (1/2 rps) torque
maintained the 5 ib-in, level. It was deduced that the combination of wringing
and oxide contamination caused the high torque. The bearings were found to be
in good condition with some signs of corrosion which resulted from the water
flush.
Dye-penetrant tests performed on pump volute housing did
not pinpoint the location of the leak. Inspection of the leak area of the pump
volute housing showed a crescent type of defect in the casting. The casting was
ground clean to afford a closer inspection, but additional dye penetrant inspec-
tion also failed to pinpoint the leak. Further exploration revealed a nonfused
plug which could have resulted from premature solidification of the first casting-
poured metal droplets.
The third HRL NaK PMA (P/N 093200-13, S/N A-2) was re-
moved from the LNL- 3 loop and was cleaned with alcohol only, precluding the possi-
bility of water corrosion found in S/NA-1. Disassembly of the unit revealed a
profusion of black, flaky material coating the bearings and the rotor balance
rings, and a light covering on both the rotor and stator cans. The material was
analyzed, but preliminary reports failed to pinpoint the exact source of the flaky
substance. Additional testing is being performed. One journal pad exhibited a
rub mark. From the evidence, it was concluded that some foreign material wedged
under one journal pad, tipping it to cause a rub on its edge and on the journal.
The condition of the bearings was excellent and there was no sign of wear. As a
result of the extreme casting porosity in the pump housings (Figure V-2_, top),
two pump housings were processed for internal and external plating of iron followed
by a flash nickel coating in an attempt to seal the casting pores. Subsequent
testing revealed the plating was not able to eliminate the casting leaks.
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During the assembly of the PMAsit was found that the
normal method of cleaning the thrust bearings failed to remove the packing oil
from the bearing crevices. This oil is considered a prime source for the black,
flaky material coating found on the bearings and pumpcomponentsduring test,
as noted above. This condition has been eliminated by evacuating the thrust
bearings at a temperature of 500°F, thus removing the oil.
2. Component Tests in Liquid NaK Loo_ _ (LNL-_)
During checkout and filling of the LNL-3, the mix-4P3E accumulator
leaked because of inadvertent misuse, and the NaK accumulators stuck in the "open"
position, because of poor vendor design, rendering them inoperative. Both accumu-
lators were replaced with cover gas volumetric tanks. Another PMA (P/N 093200-1,
S/NA-I) was installed on 22 January 1965 and leak-checked.
The system was filled with NaK of a measured purity level less
than 30 ppm. Several starts were attempted unsuccessfully utilizing the 420 cycle
power supply and 211 v (v/f equal to 0.50 which was approximately equal to 19.5
in.-ib of torque). To improve on starting torque, a 60-cps power supply was used
and the PMA started at 28, v, or a v/f approximately equal to 0.47. The PMA was
allowed to run for 15 min; then the 60 cps power was disconnected and the 420 cps
power was applied. The PMA restarted successfully and operated for several hours
to check out instrumentation.
The PMA was stopped for 14 hours and restarted using the original
start sequence. It then continued to operate successfully for 28 hours - i0 hours
at 320°F (the stabilization temperature without heat input and loop insulation)
and 18 hours at 500°F (the HRL operating temperature). The PMA was stopped for
loop insulation in preparation for the 3000-hr endurance run to be conducted at
llO0°F. After the system starting difficulties were overcome_ the NaK PMA suc-
cessfully operated for a cumulative total of 51.8 hours at temperatures up to
llO0°F (Figure V-37). The PMAwas inadvertently shut down during an instrumenta-
tion check and all restart attempts were unsuccessful. The rotor breakaway torque
was found to be 120 ib-in. - a value well above the motor torque capability.
Further investigation showed that a NaK leak in the motor front seal weld was in
evidence, and the PMA was removed for further examination.
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The failure of the NaKPMAto restart after the inadvertent
shutdownwas caused by the accumulation of oxides within the thrust bearing.
Whenbearing hydrodynamic fluid film was lost, the oxygen entered the motor at
the failed seal weld. This caused freezing or sticking of the thrust shoes to
the runner.
The test plan undertaken was to install a replacement NaKPMA
in LNL-3 and to proceed to operate at design temperature for a minimumof 200 hr,
after which a decision would be madeon the possibility of start degradation
testing.
The HRLNaKPMAunit (P/N 093200-13, S/N A-l) was installed
(28 February 1965) as a replacement for the -i S/NA-I and successfully started
(I March 1965) on 400-cycle power and operated for 31.5 hr - i0 of which were at
llO0°F (Figure V-38). The PMAwas shut downwhensmokefrom a NaKleak was detected
in the suction Conoseal flange of the pump. Further investigation revealed a leak
in the pumpcasting and another in the discharge Conoseal flange of the pump. The
manual turning torque of the shaft was found to be 160 to 180 ib-in.
The unit was removedand used to develop a NaKdecontamination
procedure without disassembling the _A. The purpose of this was to develop a
method of internal cleaning in the event that a PMAoperating in a loop became
contaminated with NaKoxides. The procedure developed used an alcohol flush
followed by a water flush. The NaKremoval was not complete, but did allow for a
safe disassembly.
The HRLNaKPMAunit (P/N 093200-13, S/N A-2) was installed in
March 1965. After overcoming starting difficulties it was successfully operated
for 43.7 hr at a limiting temperature of 720°F (due to NaKleakage). After 5 hr
of operation at this temperature, a small NaKleak in the recirculation line was
detected and repaired. The PMAwasthen successfully restarted. Shortly after-
ward, a leak was noted in the region of the suction side of the pumphousing, and
the NaKheaters were shut downto reduce loop temperature. This leak was localized
by covering it with Met-L-X. The loop stabilized at 530°F and operated for a total
of 194.4 hr (Figure V-39)- The PMAwas inadvertently shut downwhena facility
power failure occurred. All attempts to restart were unsuccessful.
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It should be noted that the scope of LNL- 3 was changed from a
simple test setup for single point extended periods of time operation to a more
versatile loop permitting development testing of NaK PMA and possibly other compo-
nents. This resulted in the entire system being redesigned to incorporate 2-in.
piping with a flow control valve and venturi in place of the l-i/2-in, tubing. To
obtain complete control of the purity level during testing, a purification system
intended for PCS-2 was incorporated into the loop. The rebuilding of the NaK I_A
for the LNL- 3 incorporated the new spun seal cans, a tapered thrust-bearing running
ring, and pinned gimbals, along with the pump housing used in the 51.8-hr opera-
tional test (and subsequently iron-plated to minimize the possibility of porosity
leaks).
After completion of the loop modifications and filling of the
PMA, the system was successfully started and operated on ii June 1965 for several
hours. The loop was shut down for the weekend to determine restart capability.
Seven successful restarts were made prior to securing the loop.
On 14 June 1965 the NaK PMA was restarted at 400 cps, 40 amp
(dropping to 20 amp when the unit came up to speed in 5 to 6 sec). After running
for 5 hours, the main loop purification system valve was opened. During this
period and because of an incomplete NaK fill, the loop low-level alarm shut down
the loop. The loop inventory was increased and a restart was attempted; however,
there were gas pockets within the loop and shutdown again resulted.
The loop was again loaded with NaK and successfully restarted
on 15 June 1965. The PMA continued to operate for 73 hr at 500°F, after which
time a small leak in the back face of the pump casting near the cutwater was
detected. Operation continued under constant surveillance until 19 June 1965.
After i00 hr of running, a low-NaK-level alarm in the expansion tank shut down the
loop. A restart was made after the loop had cooled down to 400°F (approximately a
30-min time lapse) and the unit continued to operate without incident until the
following day when two inadvertent shutdowns resulted during loop manipulation.
Each motor restart attained full speed in less than 5 sec.
A leak was detected in the economizer bypass line of the MSA
purification system; while the loop was shut down, temporary repairs were made, and
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the loop was refilled from the dump tank. A successful restart was made without
incident. On 23 June 1965 a series of i0 plugging runs was made. The results
indicated that the loop oxide concentration was 20 ppm, which was surprisingly
low in light of the two leaks - one of which was still unrepaired in the pump
housing casting.
Following the plugging run, a purification system cold-trapping
exercise was carried out. Indications were that the contamination level dropped
to approximately 15 ppm.
On 24 June 1965, a series of hot starts and stops was performed,
followed by a hot (520°F) stop and cool down to ambient. This was followed by a
series of 14 restarts. These results are tabulated in Table V-14. The system
was reheated and continued to operate at the steady-state temperature of 500°F
until 240 hours was accumulated, then was shut down on 25 June 1965 for leakage
evaluation (Figure V-40). On 28 June 1965, 20 additional starts were performed
at ambient to 170°F loop temperature. Runs were made with decreasing voltages to
determine the minimum starting voltage. Results of these starts can be seen in
Table V-15.
The pump housing was cleaned externally and the location of the
leakage was determined to be in the same location as the other failed pump housings
(i.e., the back face of the pump housing in the region of the cut water). Plans
are being developed to effect a repair and, if possible, to continue operation of
the loop until a new assembly with a machined housing becomes available. The
l_WAwas accumulated approximately i00 starts and 244 hours of operation with no
deleterious effects noted other than the casting leak.
Following the removal of the unt (P/N 093200-1, S/NA-2), the
LNL- 3 loop was successfully cleaned of NaK and contaminants by flooding with iso-
propyl alochol followed by methyl alcohol when the initial reaction stopped. Final
r_nse of the loop was with water to remove the residual oxides. Upon completion
of the main loop cleaning, the recirculation loop and the instrumentation lines
were cleaned to completely eliminate all traces of NaKwithin the system. The de-
contamination of the loop was completed and all traces of NaK were removed within
the system.
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Lubricant-Coolant (L/C) Pump-Motor Assembl_
a. Technical Achievements
During the report period, L/C PMAs were tested and operated
without problems in various facilities as follows:
Total HoursInstallation No. of Starts
LNL-3 511 29
LML-3 273 i00
RPL-2 990 35
PCS-I 164 21
This unit previously operated at the supplier's
for 1400 hours endurance test and two starts.
A PMA (P/N 093580, S/N 481505) was checked for performance
in LML-3 and then subjected to a vibration scan. Preliminary scanning was made at
an input level of 2 g to observe the response of the unit in each of three axes,
although the ultimate scanning requirements are from 6 g to 9 g over the range
from 0 to 2000 cps. During the scanning, large amplification factors of 6 to 12
were noted in the X and Z axes. During the sweeps, one of the clamping bands
around the body of the PMA fractured.
The failure was caused by the clamping band being tensioned
over a sharp edge on the foot of the pump, thus creating a permanent crease in the
band. Also the crease was made across a spot weld where the band was weakest.
The feet were reworked to provide a large radius and new, heavier bands were in-
stalled so that the band missed the spot welds. Testing was later resumed at 2 g
input. No further failures occurred, but the large amplification remained.
It was considered that serious damage would occur if the
higher exciting forces (6 to 9 g) were allowed to remain. Neoprene pads approxi-
mately i/8-in, thick were mounted between the feed and body of the PMA. Testing
revealed the peak amplification was thereby reduced from a maximum of 12 X to a
maximum of 3-1/2 X. The pads were then mounted between the feet and shaker table
with similar results. A scan was made from 0 to 2000 cps in each axis, with a
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resulting peak amplification no greater than 3-1/2 X. Tests were discontinued
because of program redirection and no further testing has been done. A study will
be made of more suitable mounting arrangements prior to resumption of testing.
b. Hardware Status
All L/C pump motor assemblies have been received at
Aerojet. The initial and subsequent uses are as follows:
Part No. Serial No_ Current Allocation
093580 481501 LNL- 3
093580 481502 LML- 3
481503 PCS-I
481504 RPL-2
5 Spare
481506 LeRC
093580 481507 Spare
Serial No. 481501 unit was used for the lO00-hour endurance test. After dis-
assembly, examination, and reassembly, using all parts, the unit was installed
in LNL- 3 .
A request has been made for a list of all remaining hard-
ware items held by vendor against this contract. This will be reviewed in the
light of spare parts requirements for the L/C PMA.
c. Performance
Performance curves for all units based on vendor's test
data are shown in Figures V-41 through V-48. No problems have been encountered
to date in any installation, and no performance degradation has been observed.
The ML insulated motor running submerged in mix-4P3E
(polyphenyl ether) has now operated for 18,700 hours with no significant change
in insulation resistance. For the last 5000 hours the fluid temperature has been
allowed to increase from 250 to 300°F. This test is intended to demonstrate the
compatibility of MLinsulation with the SNAP-8 organic fluid (mix-4P3E).
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d. Problem Areas
The only significant problem for this unit appears to be
the ability of the present design to meet the vibration test. This was discussed
previously in this report, and it appears that a method of isolation can be found
to solve this difficulty.
4. Mercury Pump-Motor Assembly
a. Technological Achievements
Experience gained during the tests described below shows
strong indication that the mercury PMA will meet the life requirements for the
SNAP-8 system. The following design criteria have been confirmed by actual
(1)
testing.
PMA (P/N 093347-i, S/N AI) Tests in LML-3
(a) Hydraulic performance - head/capacity, power
consumption, efficiency (Figure V-49).
(b) Hydraulic performance, cavitating, NPSH/
flow rate (Figure V-50).
(c)
bearings and motor (Figures V-51, V-52, and V-53).
(4)
(Figure V-54).
(2)
Lubrication and coolant optimization for
Temperature distribution by thermal map
(e) Pump pressure profiles
PMA (P/N 093347-5, S/N A-l) Tests in I/ML-3
Performance of motor cavity scavenge system
PMA (P/N 093347-5, S/N A-I) Tests in RPL-2
(a) Pump impeller erosion, bearing wear, and
(b)
dynamic seal wear
(3)
Performance degradation during endurance testing
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(4) Seal Housing (P/N 094216-1, S/N A4) Tests in LML- 3
Critical pressure drop/flow characteristics
(Figure V-55)
(5) _ (P/N 093340-1, S/N A-I) Tests in PCS-1
Component pre-endurance tests.
Mercury pump performance parameters are shown in Table
V-16 compared to actual values as presented at the preliminary and final design
review meetings. It will be seen that in all areas the design values have been
surpassed with the exception of the power required for motor scavenge.
b. Discussion of Test Results
The following design evaluation is based on tests conducted
on mercury PMA (P/N 093347-1, S/N A-l). The total test time was 120 hours.
(i) Noncavitating Performance
Figure V-49 shows tested head rise across the pump
to be about 17 ft higher than the design points at rated flow conditions. This
higher performance is attributed to using a conservative design head coefficient
for the centrifugal pump due to insufficient previous design experience for
mercury pumps with relatively small impeller diameters. Despite this increased
performance the electrical power consumption is seen to be close to the design
point value. Additional power required for motor scavenging is 700 w; however,
this would be offset to some extent by the reduction in power with impeller trimming
to the original design point (estimated to be about 250 w). The tested efficiency
without motor scavenge is 13.5%. Including motor scavenge losses, this would
drop to 10.85% estimated, largely because of the increase in hydraulic power required.
(2) Cavitating Performance
Referring to Figure V-50, NPSH values are plotted vs
flow rate for the incipient cavitation condition, the 2% combined jet and centrifugal
head loss, and for the minimum NPSH for startup requirements.
V-39
Report No. 3053
Since the minimum NPSH for startup is most critical
for pump cavitation performance, some comparisons are given below.
Predicted NPSH Required from Actual NPSH Required from
Flow Rate -X Jet Pump Tests Jet/Centrifugal Pump Tests
(gpm) (ft of mercury) (ft of mercury)
0.44 0.04 - 0.09 0.08
1.0 0.175 - 0.24 0.21
1.775 0.55 - 0.64 0.50
2.3 0.96 - 1.04 0.7
Nominal reference system flow rate
The estimated error due to manometer setup and read-
out amounts to 0.0025 ft of mercury, which means that the pump-required NPSH could
be 0.0825 ft at 0.44 gpm flow. The SNAP-8 Reference System startup requirements
are defined in a technical memorandum (Reference 31). Figures 3 and 17 in this
technical memorandum show that NPSH is adequate for pump startup and for satis-
factory operation to steady-state conditions.
Time After
Mercury Injection
i00 to 200 sec
500 sec
ii00 sec
Some comparisons are given below.
Mercury Flow Rate
47_ (0.835 gpm)
System Pump-
Avai lab le Re qui re d
NPSH NPSH
(ft of Mercury) (ft of Mercury)
o.36 o.17
78_ (1-385 gpm) o.6o o.35
i00% (1.73 gpm) 1.4 (nom) 1.0
It will be seen that the pump will start satisfactorily.
After the elapsed time of 500 sec, the system available NPSH is increasing to the
condition of incipient cavitation. The total time for the pump operating in a
relatively minor state of cavitation will be about 400 sec. Based on post-test
evaluations, the present pump will meet these requirements without difficulty.
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(3) Lubricant-Coolant Flow Optimization (Mix-4P3E)
Figure V-51 shows motor winding temperature versus
coolant flow rate; it can be seen that, with coolant flow as low as lO0 lb/hr at
210°F inlet temperature, the maximum temperature recorded was 325°F in the winding
end turns. Because the maximum winding temperature was conservatively established
at 400°F for a 10,O00-hr life, 325°F is satisfactory.
Figure V-52 shows bearing lubricant-coolant flow
rate plotted against bearing outer race temperature. With flow as low as 60 lb/hr
per bearing, the maximum temperature is about 262°F.
Figures V-53 and V-56 show power consumption versus
bearing lubricant-coolant flow and power losses versus bearing slinger back
pressure. At an L/C flow of approximately 260 lb/hr, a sharp increase is noted
in power consumption which is apparently due to flooded bearings, shaft, etc.
This would appear to correspond with the sharp increase in power loss which
occurs at a slinger back-pressure greater than l0 psia.
Based on the above results, the recommended L/C
flow rate has been established at 150 to 250 lb/hr for satisfactory motor winding
and bearing temperatures that will result in minimum power losses.
(4) Temperature Distribution
Predicted temperatures at discrete locations on the
mercury PMA are shown in parenthesis in Figure V-54. These values are taken from
a SNAP-8 mercury pump-motor thermal analysis report (Reference 31)- Actual values
obtained during test are also shown.
conditions are as follows:
Variations between the analysis and actual test
Space seal coolant flow
L/C flow through
bearings and motor
Mercury flow rate
Analysis
2600 lb/hr
400 ib/hr
lO,8OOlb/h 
Actual Test
2ooo/23ooib/ 
29o/3oolb/ 
13,5oolb/hr
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The test conditions were more severe than the analyti-
cal conditions; however, a survey of the temperature map indicates that all temper-
atures except for the motor stator back iron and motor housing temperature were
less than predicted. The higher stator iron temperature would appear to be due
to a better than anticipated heat transfer condition from winding coil to stator
iron. Figure 3 of Reference 31 showsthe average winding temperature versus coolant
flow rate for two conditions of insulation varnish fill (i._., 12_ and 50%). The
measuredtest temperature of 299°F winding hot spot is, however, nearly 20°F less
than the analytical average winding temperature for the sameflow rate using the
50%insulation varnish fill.
The space seal coolant flow during test was less than
the design value due to a higher pressure drop in the entry and exit fittings.
With the lower than predicted test temperatures, however, it would appear that the
300°F liquid vapor interface temperature requirement in the mercury visco pump
will be satisfied for the minimumspace seal leakage condition. The analytical
results (Reference 32) were considered for the PMAoperating in a space vacuum
environment. To simulate this condition, the tested PMAwas insulated to minimize
heat loss to the atmosphere.
The results of the thermal tests are very satisfactory
and confirm that the mercury PMAhas a high design safety margin.
(5) PumpPressure Profiles
Figure V-57 showsthe graphical presentation of
pressure profiles in the pumphousing. The resultant radial and thrust loads are
shownin Figure V-58. The differential between front and back vane axial forces
amounts to 20 ib at rated load, but to this must be added the pressure on the radial
face of the visco pumpof 43 lb.
Comparisonsbetween design and measuredpumpforces
are as follows:
Radial Force Thrust
Design 15 ib maximum 60 ib maximum
Test 17 ib maximum(5 ib at rated flow) 63 ib maximum
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The thrust force can be reduced by trimming the
impeller back vane in the event that bearing fatigue life becomesa problem, but
this is not planned at present. On the basis of these results the present design
is considered satisfactory.
(6) Post-Test Examination and Evaluation
When the PMAwas dismantled following 120 hr of
operation and 72 starts in I14L-3, the pump impeller showed signs of severe erosion
damge on the low-pressure side of the vanes toward the inside diameter, and less
severe erosion on the high pressure side at the vane root toward the OD
(Figure V-59). The impeller locking cup was severely damaged (Figure V-60).
The remainder of this PMA was in good condition although the carbon face seals
and 440C SS mating ring were considerably worn. Since this pump had been operated
in severe cavitation for approximately 30 hours during NPSH tests, it was not
surprising to find the impeller in this damaged condition. However, pending
further evaluations of erosion-cavitation damage in endurance testing, a redesign
was made for an impeller with a reduced vane angle. The redesign featured two
full and four partial vanes in place of the four full vanes in the original design.
This allowed for the entrance vane angle to be reduced from the present 15 ° to
8o20 ' for the new design. The reduction in vane angle more nearly matches the
entrance angle of the approaching fluid, thus reducing the chances of cavitation
damage. The root radius of the vane was increased, and also the discharge vane
angle changed from 25 ° to 30o to assure that the existing head rise was maintained.
The redesign of the above was completed, but no
hardware has been ordered pending further test results of the existing impellers.
The impeller bolt locking cup was still functional but considerably damaged.
Existing hardware was, therefore, modified to accept a redesigned impeller bolt
and locking device. The bolt head was streamlined, and locking achieved by a pin
driven through a hole drilled in the bolt head and impeller face. The pin is
This redesign is shown on Assembly Drawing No. 093340-5then staked in place.
"M" change.
Bearings (P/N 092867) which operated for 120.2 hours
in the LML- 3 mercury pump-motor assembly were examined (Figure V-61). No longi-
tudinal or circumferential scratches or damage of any kind was evident on the
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bearing bore, outside diameter, or sides. It can be concluded that (a) the
assembly and disassembly procedures were proper, (b) the inner ring (the bearing
locknut) did not move during operation, and (c) the outer ring did not move
circumferentially and the outer-ring clearances were proper.
Several cubic centimeters of mercury were found in
the bearingsand bearing housing when the unit was disassembled; none of the
surfaces appeared to be wetted. Examination at magnification of 20X and 30X
showed wetted surfaces on the ball-separating guide and on the ball-pocket edge-
wear pattern. The wear pattern was approximately 0.005 in. wide following the
contour of the ball pocket and ball contact areas. Apparently, the mercury did
not have any detrimental effect on the bearing elements nor on the wetted surfaces.
The surfaces previously wetted with oil are not easily wettable with mercury,
and damage of bronze parts - normally expected when exposed to mercury - is pre-
vented.
The mercury which was still present on other retainer
surfaces during the examination did not show any surface pitting or discoloration
damage when the droplets were made to move about (Figure V-62). All the bearing
elements were in excellent condition. Some concentric circles were found on the
balls; other circles appeared at random on some of the balls. The circles were
formed when the balls slid with the ball-separating guide and/or the ball-pocket
edge. The depth of the circles could not be measured.
Mercury was in the bearings during testing of the
mercury PMA in the LML- 3 loop. This came about as the result of the drain valve
at the space seal cavity being unintentionally left closed for some time. Although
the unit was not rotating, the mercury loop was filled and vacuum was being pulled
on the space seal at the same time. This caused mercury leakage into the space
seal and across the face seal on the oil side and into the bearing. How long the
mercury was in the bearing cavity is not known.
(7) Motor Cavity Scavenge System
A PMA (P/N 093347-5, S/N A-I) was tested for 4 hours
to determine if the scavenging slingers would purge L/C fluid from the motor air
gap when the latter was deliberately allowed to flood on startup. The PMA was
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modified to include the scavenge system in the motor cavity, thus eliminating the
need for a face seal and liftoff device at this location.
Whether or not the motor cavity was scavenged was
determined on a basis of power consumption. Test results (Test Series D-8-P-2)
show that the design requirements were met as follows:
Estimated additional power consumption
due to scavenge slinger: 400 w
Measured additional power consumption
caused by scavenge slinger: 650 w
Estimated additional power if motor
cavity scavenge did not take place:
Motor cavity pressure before start:
Motor cavity pressure after start:
Winding temperature increase if motor
cavity remained flooded: lO0°F
Actual winding temperature increase
during test: 10°F
From the above, the slinger power consumption is 300 w more than estimated, owing
to analytical inaccuracy. However, this is a much lower value than would be in-
volved if the cavity did not scavenge. The vacuum gage reading in the cavity
confirms that scavenging did take place. Calculations show that operation with a
flooded cavity would increase winding temperature about 100°F, whereas during this
test only about lO°F increase was noted (due to the power increase). This design
feature is therefore considered to be very satisfactory.
(8) RPL-2 Testing - PMA P/N 093347-5, S/N A-1
This unit was installed in RPL-2 as a replacement
for the unsatisfactory workhorse Chempumps for boiler and TAA tests. The total
test time to date is 673 hr with 43 starts.
The test objectives for the PMA installed in RPL-2
were to study, over extended periods of time, (a) performance of space seal liftoff
1200/1300 w
+2 in. mercury above
atmospheric pressure
28/29 in. mercury vacuum
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bellows, (b) impeller erosion damage, (c) bearing wear, (d) wear of dynamic seals,
and (e) general performance degradation. A discussion of test results and post-
test evaluations follows.
(a) Seal Liftoff Bellows
This was the first opportunity to test the
periphery (Figure V-63).
effects on pump startup.
the line to the bellows.
behavior of the space seal liftoff bellows actuated by the pump discharge pressure.
A:_ter 52 hours and ii minutes of operation, the bellows failed, causing a mercury
leak into the space seal cavity. The bellows actuating tube was disconnected from
the pump discharge and capped off. The PMAwas then operated without this feature,
thus engaging the space seals for the remainder of the test (293 hours). When
the PMA was dismantled, a bellows convolute was seen to be split on the outer
The initiation of failure was cuased by "water hammer"
On replacing the bellows, a needle valve was mounted in
When further tests were commenced, the needle
valve was closed at the start and then slowly actuated after the pump reached
operating speed and a "dead head" condition. Within a few minutes of opening the
needle valve, however, the bellows failed in the same manner as before, with a
mercury leak occurring. The needle valve was then closed for the remainder of the
test (388 hours). Disassembly of the PMA showed a failure similar to that which
occurred previously. In the future, all space seal liftoff bellows will be
operated by gas pressure at 200 to 250 psia (established by test) to eliminate this
mercury leak problem and minimize the chances of further failures.
(b) Impeller Erosion
After 293 hours of operation at rated condi-
tions in RPL-2, the impeller showed very minor signs of erosion which were barely
visible to the naked eye. This impeller, impeller bolt, and locking device design
was identical to that described under LML- 3 testing where hea_y erosion damage
was noted. The bolt and locking cup were in perfect condition. Figure V-64 shows
a comparison of the LML- 3 condition after 120 hours, the RPL-2 unit after 293 hours_
and the modified design with locking washer. The modified locking cup shown had
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machined "lugs" on the ODfor locating in the impeller in lieu of forming the
plan cup into the impeller recesses. The design with lock washer was later
replaced with a staked pin, but the bolt head remained unchanged. Figure V-65
shows the condition of the impeller. Someindentations in the high pressure side
of the vanes and on the outer periphery were apparently caused by the passage of
foreign metal particles through the pump.
The PMAwasthen reassembled with an im-
peller machined to accept the larger head of the "streamlined nose" bolt. Opera-
tion continued for an additional 388 hours. During a loop shutdown the PMA
was removedand disassembled for inspection. This time someminor cavitation
damagewas noted on the low pressure side of the vanes towards the ID. The bolt
and lock washer were still functioning perfectly. All of these items are being
reassembled into this PMA. During the total of nearly 700 hours of operation
this pumphas cavitated for short periods of time, when condenser outlet pressure
dropped to around 5 to 7 psia. A review is being madeto determine the length
of time in which the pumpoperated in this manner in order to relate this to
the amount of cavitation damage.
(c) Wear of Dynamic Seals
After approximately 700 hours of testing, no
noticeable wear or erosion has occurred to the bearing slingers or the visco
and molecular pumps on the mercury side. After 293 hours the face seals were
torn and their mating ring was severely grooved, necessitating regrinding and
lapping of this item. At this time the visco pump had collected deposits of
rubidium in the leading edge of the screw thread. A discussion of the space
seal performance with rubidium appears in the appendix.
After an additional 388 hours of testing the
face seals and mating ring were again worn, with no damage noted to the dynamic
sealing elements. The wear of the face seals is expected since they were in
contact for practically all of these tests.
(d) Bearings
The bearings have not been disassembled from
this PMA. However, on both occasions of removal from the loop, the shaft turned
freely and without any indications of roughness.
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Somemercury (i or 2 cu cm) was removedfrom
the pump-endbearing after 293 hours. This could be seen when the sealing elements
were removed. Onthe last occasion, however, there appeared to be no mercury at
all in the bearings.
(e) General Performance Degradation
The jet pump orifice was blocked with metal
particles believed to be weld scale, etc. The blockage occurred during startup
at 2200 hours on i March 19_5 after 259 hours of operation. On 23 March 1965
some H/Q points were checked and it was found that, at rated flow, there was a
5-ft mercury head drop compared to previous data. It was later ascertained that
this data matched the predicted performance for the mercury PMAwithout the added
jet pump head (Test Series D-6-P-20 in LML- 3) using previous jet pump test data.
Figure V-66 shows the data obtained from RPL-2.
The pump continued to operate for a further 34 hours before the loop was shut
down. It has been estimated that, with the jet pump blocked, the centrifugal
pump would require 12.4 psia suction pressure to avoid cavitating. On this
basis, some impeller cavitation damage might be expected to occur.
On reassembling this PMAand installing it
in the loop, a further 380 hours of operation has been accumulated, totaling 674
hours in all. Other than the incidents mentioned in this report, there have been
no indications of degradation in pump performance nor change in power consumption.
Some problems have existed in starting this mercury PMA, but these have all been
traced to low power supply, cold L/C fluid, malfunctions of facility equipment,
or incorrect operating procedures. To assist in diagnosing the problems, a
trouble-shooting checkoff list has been prepared and distributed.
This pump is presently being reassembled for
continuing operation in RPL-2.
All future mercury PMAs are being equipped
with filter strainers on the pump suction line to avoid blockage of the jet
nozzle.
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(9) Seal Housing, P/N094216-1, S/N A-4
A pressure-drop flow test was made on a seal
housing space seal heat exchanger using the lubricant-coolant system in IATL-3.
The design objective was a maximum pressure drop of 20 psi at 2600 ib/hr with
mix-4P3E at 210°F. The tested pressure drop was 19.5 psi.
The test was made in conjunction with conical re-
ducer fittings on the inlet and outlet of the heat exchanger. The fittings
provided a smooth transition from the 1-in. system line to the 3/8-in. heat
exchanger fitting. The test shows that design conditions were met. This
particular housing with reducer fittings has been included in the buildup for
the PCS-I phase 2 installation. This design will be incorporated in all future
units.
(i0) PCS-I Testing
A PMA (P/N 093340-1, S/N A-l) was installed in
PCS-I for loop and component checkout tests. To date this unit has operated
satisfactorily for 73 hours with 12 starts. The pump performance has been close
to that obtained during pump development tests in LML- 3.
The impeller and locking bolt follow the original
design configuration. Since it is known that this pump cavitated for approxi-
mately 5 min at the commencement of these tests, some erosion damage may be
seen when the unit is disassembled.
C-
completely assembled.
subsequent uses, where applicable.
Unit
No. Part No.
1 093347-1
2 093347- 5
3 093340-1
4 093340-1
5 093340-5
6 093340-5
Hardware Status
To date six mercury pump-motor assemblies have been
These are listed below, together with their primary and
Serial
No.
A-I
A-I
A-I
A-2
A-I
A-2
Current Allocation
Pump development in IML- 3
Endurance tests in RPL-2
PCS-I, Phase i
Spare
NASA-LeRC
lO,000-hr Endurance Test
in PCS-I, Phase 2
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Hardware deliveries outstanding are two pump housings (P/N
093365-1) for units i and 2, and suction line strainer and brackets for supporting
isolation valuves for unit No. 6. The isolation valves for unit No. 6 are to be
assembled to the PMA in the clean room on the motor coolant inlet and bearing
outlet lines. It is believed that delivery of these items can be made in time to
permit their use on the PMA for PCS-I phase 2 by 30 July 1965.
d. Problem Areas
(i) Impeller Erosion
The findings from the pump development tests in
LML- 3 and the impeller vane angle and locking arrangement redesign have been dis-
cussed previously in this report. Although the impeller damage from LML-3 tests
was quite severe, it is believed that this impeller, though damaged, would have
continued to operate at rated conditions with no noticeable decrease in per-
formance - probably for i0,000 hours. It was known that this pump had cavitated
severely for some 20 to 30 hours, and in all probability a noticeable decrease
in performance or disintegration of the impeller and locking screw arrangements
would not have taken place for at least i00 hours of cavitating operation.
This problem, therefore, is being carefully followed
through endurance testing. In the meantime, the new impeller design has been
completed. Consideration was given to a material change from 9M to Stellite 6B,
since this material is more resistant to erosion-cavitation damage.
(2) Startup Seals
Although good sealing against gas pressure has been
effected in the assembly room, it has been noted that startup leakage rates -
particularly of mercury - have been relatively high, with vacuum conditions on
the space side. It should be noted that the PMAs tested to date either have not
been equipped with liftoff bellows or have been equipped with bellows that failed
enough in service for excessive wear to occur on the face seals. Thus it has not
been possible to determine whether or not the face seals were performing satis-
factorily.
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(3) Liftoff Bellows
As described elsewhere in this report, two liftoff
bellows failed after very limited testing. In the future they will therefore
be actuated by gas pressure at about 200 psia in lieu of mercury discharge pressure
at around 500 psia. The bellows suppliers have suggested that if the bellows
were increased in size, the difficulty of welding the convolutions would be
simplified. Such a change is not possible due to space limitations. No further
effort is planned on this item at present.
C. HEATEXCHANGERS
Approximately 1200 hours of operation has been accumulated on all
-1 model heat exchange componentsduring the last 6 months. The -1 model boiler
and condenser operated successfully in RPL-2with and without the use of a wetting
agent added to the mercury, and in PCS-1with no additive used. Auxiliary start
loop heat exchanger tests completed in the RPL-2 facility showedthat the heat
exchanger is adequate for use in the SNAP-8system.
A major portion of the engineering effort has been the design of a
new tube-in-tube (T-T) boiler. Oneunit is complete and two more are being
fabricated. In conjunction with this design effort, the single-tube boiler in
Corrosion Loop 4 (CL-4) at Aerojet-General Nucleonics (AGN)was used as a heat-
transfer and pressure-drop test vehicle to obtain data for the T-T boiler. A
series of tests was completed to provide information for inlet plug design which
included both pressure distribution as a lhmction of plug design and local heat-
transfer rates as a function of design and operating conditions.
Boiler conditioning, which is the main problem in the heat exchange
componentdevelopment, has been studied both in the RPL-2 with the -1 boiler and
at AGNin conjunction with their corrosion test loops. Twoapproaches to eliminate
the requirement to "run in" or condition the boiler are the adding of rubidium to
the mercury and the designing of a high-velocity section (6 ft/sec) at the boiler
mercury inlet. Both of these methods proved successful in immediately conditioning
boilers which had previously been operating at less than full thermal capacity.
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i. -i Model Boiler
a. Boiler Performance with Rubidium
(i) Decision to Inject Rubidium
Prior to the start of the testing covered by this
report period, a 600-hour conditioning run (D-3-Z-15) was concluded on the boiler
wherein the total heat transfer capability was steadily increased without the
use of a wetting agent, or additive, from 24% to 87% of the full-rated value
(Reference 33). At the start of the RPL-2 test series (D-3-Z-21 through D-3-Z-43)
covered in this report, it was anticipated that the total heat transfer capa-
bility of the -1 boiler would be 87% of the full-rated value. Instead, it was
found to be approximately 42%, or the same as at the start of the previous 600_
hour conditioning run.
In view of this boiler wetting problem, it was de-
cided that rubidium as a wetting agent be injected into the mercury loop to
improve heat transfer and obtain, if possible, full-rated power output from
the boiler. Arrangements were made to inject increments of a nominal 1% alloy
of Rb and Hg into the 300 lb of mercury loop inventory until full boiler heat
transfer occurred. The mechanism used for this Rb injection is described below.
The Rb injection system was designed to increase
the Rb concentration in the 300 lb inventory of the mercury loop by approxi-
mately 160 ppm for each increment injected. Up to a total of four such incre-
ments can be injected from a single l-liter bomb load - equivalent to 640 ppm
total Rb concentration.
(2) Rubidium Addition Schedule
The first injection of Rb (Test D-3-Z-22) resulted
in the injection of the complete inventory of Eb-Hg alloy in the injection equip-
ment when the level indicator malfunctioned, bringing the loop Rb concentration
to 857 ppm. At the same time, some argon cover gas used to force the alloy into
the loop was injected into the condenser. The results were startling as boiler
performance showed an immediate increase. The mercury flow rate at the time of
injection was 5700 Ib/hr. It was not possible to increase the mercury flow rate
V-52
Report No. 3053
due to a high condenser inlet pressure from the noncondensable argon. The loop
was shut down, the mercury dumped,and the vacuumpumpapplied to the loop for
removal of the argon.
Whenthe loop was started for the next test run
(Test D-3-Z-23) , the boiler would not develop proper heat transfer or power out-
put. This indicated that the Rb, or Rb effects, had disappeared during the shut-
downperiod. It was necessary to add more Rb in the Hg before proper heat trans-
fer could be obtained.
On each of the subsequent Rb injections, smaller
increments of amalgamwere added. The quantities of the Rb added and the times
of the additions are presented in Table V-17. The Eb content of the loop did not
deteriorate with time during operation. Whenthe loop was dumpedand cover
gas applied, the Rb concentration decreased significantly. This was attributed
to impurities in the cover gas which reacted with the Rb to form Rb oxide.
Additional injections were required for any subsequent run before boiler per-
formance was acceptable.
Becauseof the losses of Rb effectiveness associated
with mercury dump, it is impossible to predict the exact concentration of rubidium.
Consequently, Rb concentration values are generalized into categories. Good
boiler performance is classified as being associated with "high" Rb content,
whereas a somewhatlesser performance is classifiedwith "medium" Rb content.
Post-run dumptank samples confirm these general classifications with "high"
concentrations being about 600 ppmand "medium"concentrations being about 300
ppm.
(3) Performance
Several performance parameters were selected that
were indicative of, and sensitive to, the heat-transfer performance of the boiler.
These parameters were all determined and plotted as functions of time during the
test runs. These parameters included exit vapor enthalpy, mercury pressure drop,
outlet vapor quality or superheat, and terminal temperature difference (NaK in -
Hg out).
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The exit vapor enthalpy, mercury pressure drop, and
outlet vapor quality or superheat all increase with increases in heat-transfer
performance. The terminal temperature difference decreases with increases in
heat-transfer performance.
(a) Mercury Vapor Outlet Enthalpy vs Time
Estimates of boiler outlet vapor enthalpy are
an indication of heat transfer performance when compared to the desired value
for the design at rated conditions (162 Btu/ib).
These enthalpy estimates were made for the
subject test series and were plotted vs time as shown in Figure V-67. Also
included in Figure V-67 are the liquid mercury flow rate, plus the times at
which Rb was injected and the mercury inventory dumped from the loop. Average
primary NaK conditions were as follows:
Temperature NaK inlet = 1340°F
Temperature NaK outlet = l170°F
Flow Rate = 46,000 ib/hr
To estimate vapor enthalpy, heat input from
the primary NaK divided by the liquid mercury flow rate was calculated from the
raw data for each readout point during the course of the test series. These
values of heat input/liquid mercury flow rate represent the increase in mercury
enthalpy, plus boiler losses on a Btu/ib basis for each data point. These values
provided rough approximations of vapor enthalpy when added to the enthalpy of
the inlet liquid together with estimates of boiler heat loss. The boiler heat
loss had been previously estimated at 70,000 Btu/hr during the boiler conditioning
run (Reference 33).
Approximations of vapor enthalpy before super-
heat condition (at the start of the test series before Rb injection) were also
provided for each data point. This involved a calculation of mercury vapor
quality as obtained by dividing the mercury liquid flow rate from the mercury
liquid venturi flowmeter into the mercury vapor flow rate as calculated for the
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turbine nozzle. After superheated mercury was obtained, pressures and temperatures
were noted at the boiler outlet and TAAinlet to provide more accurate estimates
of vapor enthalpy.
(b) Pressure Drop
Boiler pressure drop is directly related to
heat transfer rates and fluid state within the boiler. The length of boiler
required for boiling, the fraction of boiling occurring in the plug region, and
the length available for superheating, all affect the total pressure drop in the
boiler. The actual state of the fluid along the boiler length depends upon the
rate and extent of boiling. Inasmuch as heat transfer is highly dependent upon
surface conditions, the degree to which mercury wets the boiler walls has a pro-
nounced effect on the overall pressure drop. Thus, the use of Rb in a boiler,
which otherwise was not completely wetting, results in an increase in pressure
drop. A correlation between the amount of Rb used and pressure drop should
therefore exist. (Note: This speculation was later confirmed.)
The first injection of Rb in RPL-2 gave a
pressure drop increase of about 20%. Although this increase was substantial, it
was found later that it did not represent the maximum pressure drop for a fully
wetting boiler. A subsequent injection, which have a higher concentration of Rb,
produced a pressure drop data equivalent to that observed earlier for the single-
tube boiler tests. This fully wetted pressure drop represented about an 80%
increase over the pressure drop before the use of Rb.
The change in pressure drop is primarily due
to changes within the plug section of the boiler. The plug section of the boiler
has a reduced flow cross-sectional area to increase the velocity of the mercury.
The increased velocity is necessary since the low vapor quality and low specific
volume state of the mercury in the first few feet of the boiler would otherwise
produce velocities too low to give good heat transfer. Because of its reduced
flow area, this plug section is more sensitive to changes in vapor quality than
is the remainder of the boiler. The effect of Rb addition is to increase heat
transfer rates within the boiler due to the more complete wetting of the tube
walls. Consequently, the shorter length of boiler is required to reach a given
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vapor quality. The result is that the vapor quality in the plug section is
increased, which means a corresponding increase in specific volume and, hence,
pressure drop.
Figure V-68 presents the boiler pressure drop
and mercury flow rate as functions of time. The various times at which Rb was
added and the mercury emptied into the dump tank also are indicated in Figure
V-68. The frequent additions of Rb were necessary as a result of system shut-
downs during which the loop was opened, which permitted oxygen entrance and
rendered the Rb partially ineffective.
Figure V-68 does not show to advantage the
relationship between pressure drop and flow rate. Consequently, the date of
Figure V-68 have been replotted (in Figure V-69) as a function of flow rate.
Three distinct groupings of data are apparent - each being characterized by a
particular Rb concentration.
The upper of the three sets of data repre-
sents operation under fully wetted conditions. These data were obtained from
runs D-3-Z-28 and D-3-Z-29 during which the Rb concentration was high. A theoreti-
cal curve represents operation with complete wetting based on the results of the
TS-2B single-tube boiler tests. The basis of the theoretical curve is reported
in Reference 33. The upper curve is considered a maximum in pressure drop and is
the applicable relationship for design purposes. The only questionable area is
at low flows where the data and theoretical curve diverge. Inasmuch as the TS-2B
single-tube test data essentially followed the theoretical curve, the higher
pressure drop values of the theoretical curve may be found to be more representa-
tive. However, insufficient data are presently available to adequately predict
the low-flow-rate relationship.
The center set of data represents operation with
a lesser amount of Rb. The exact amount of Rb is not known since it is impossible
to completely appraise the degree to which the Rb was rendered ineffective due
to system shutdowns and opening of the loop. It can only be stated that the
effective Rb concentration was low.
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The lower set of data is from the boiler con-
ditioning run D-3-Z-15. During this run, no Rb was used. Wetting was incomplete,
which resulted in low pressure drops. The leveling-off of the data above a flow
rate of about i0,000 ib/hr is a result of the incomplete wetting. At these high
flow rates, the vapor quality at the boiler exit began to decrease. The mercury
leaving the boiler contained several percent of liquid which was reflected in
less overall pressure drop. This lower set of data is considered to represent a
minimum in pressure-drop data.
A considerable span of pressure drop is repre-
sented by the three sets of data in Figure V-69. However, these data do not
represent uncertainties or inadequacies in the ability to predict the pressure-
drop relationship for the boiler. Rather, they demonstrate the known fact that
wetting affects the pressure drop of the boiler. Under suitable conditions of
surface properties, the boiler may be expected to perform according to the
relationship of a fully wetting boiler as represented by the upper set of data
in Figure V-69.
(c) Quality and Superheat
The state of the mercury exiting from the
boiler is directly correlated with the effectiveness of the boiler heat transfer.
With complete wetting occurring in the boiler, the fluid exits at 100% quality
and substantial superheat. Conversely, incomplete wetting gives poor heat trans-
fer which can result in the development of no superheat and considerably less
than 100% quality vapor.
An excellent measure of the effectiveness of
the boiler is the difference between the outlet temperature and the saturation
temperature corresponding to the boiler outlet pressure (i.e., superheat). With
insufficient heat transfer the two temperatures coincide and the superheat is
zero. With good heat transfer, the superheat is over 200°F. Thus, superheat can
be a good indication of changes in heat transfer characteristics resulting from
the addition of Rb. The amount of superheat has proven useful not only as an
indication of instantaneous changes due to Rb addition, but also as a quantitative
means to indicate the magnitude of Rb injection required.
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Figure V-70 presents boiler outlet temperature,
saturation temperature, and flow rate - all as functions of time. Also included
are the time of Rb injection and loop mercury dumps. These curves show clearly
the pronounced effect that Rb has on performance. At the start of the testing,
the temperature difference between boiler outlet and saturation is seen to be
essentially zero. Uponaddition of Rb, an abrupt (almost instantaneous) tempera-
ture difference of about 300°F occurs. With the exception of a few isolated
points, the superheat maintained its magnitude throughout the test period.
The exceptions where good superheat did not
prevail stem from causes that can be easily explained. It will be noted that in
four of the sevean times that good superheat was lost, the system had just been
shut down. It happens that on these occasions the loop was also dumped- an
action which is considered to render the Rb partially ineffective. Consequently,
these four losses of superheat are equivalent to starting anew, and require a
new injection of Rb.
The other losses of superheat can be seen to
be associated with high mercury-flow rates. These superheat losses are the
result of previous mercury dumpswhich rendered the Eb partially ineffective, and
thus the heat transfer was not quite adequate to handle the high flow rates. In
two of these cases, a Rb addition was madeand good heat transfer with an
associated return of good superheat immediately resulted. In the third case,
the flow was reduced to regain the superheat.
Becauseof the sensitivity of superheat to
heat transfer characteristics, the degree of superheat was used as an indication
of the requirement for additional Rb injections. Rubidium injection has proven
to be an effective and consistent method of obtaining good superheat performance
from the boiler.
(d) Terminal Temperature Difference
The terminal temperature difference is the
difference between the temperature of the NaK entering the boiler and the mercury
leaving the boiler. As such, it is a measure of the proximity to maximum heat
transfer capability. With a fully conditioned, or completely-wetting boiler, a
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considerable length of the boiler is available for superheating. Consequently,
the vapor has sufficient stay-time in the boiler so that its temperature can
closely approach the temperature of the NaK entering the boiler, and the terminal
temperature difference is reduced to only a few degrees Fahrenheit. Conversely,
a partially wetting boiler will require more boiler length for boiling, which
leaves loss length for superheating; the result is that the vapor temperature may
not too closely approach the NaK inlet temperature (i.e., the terminal temperature
difference may be large). Because of its sensitivity to heat transfer, the
terminal temperature difference is a good measure of boiler performance.
Figure V-71 presents the terminal temperature
difference and mercury flow rate as functions of time. With the exception of a
few isolated points, the terminal temperature difference is seen to be very
small - generally less than 50°F. This is a good indication of the heat transfer
capability achieved by means of Rb addition. The few datum points where the
terminal temperature difference is high are explained on the same basis as the
dips in the superheat values of Figure V-70. Four rises in terminal temperature
difference are observed to follow shutdown periods in which the mercury in the
loop was dumped. Inasmuch as this renders the Rb at least partially ineffective,
these rises represent essentially a new startup of the system. The rise is the
result of the decrease in heat-transfer capability associated with the low con-
centration of active rubidium° Three other rises are associated with high mercury
flow rates during periods of relatively low concentrations of effective Rb. The
overall capability of Rb to immediately produce good heat transfer and good
boiler performance is well demonstrated by the low terminal temperature differences
that have been achieved.
(e) Transient Response to Rb Injection
The response of the system to a Rb addition is
very rapid. To demonstrate the system response, special data print-outs have
been plotted in Figure V-72. These data are plotted every 12 sec for key functions
which demonstrate the effects of Rb addition. The functions plotted are boiler
outlet temperature, saturation temperature, boiler pressure drop, and mercury
flow rate. The boiler pressure drop and outlet temperature are the two boiler
parameters which are most affected by the addition of rubidium.
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Figure V-72 (top) shows the response of the
system to the first Hb addition made in RPL-2. Figure V-72 (bottom) shows
another Rb addition, this one being required because of decreased rubidium
effectiveness due to the opening of the loop. In both plots it is seen that
before injection of Rb, the saturation temperature and boiler outlet tempera-
ture coincide (no superheat). Upon injection of Rb, the boiler outlet tempera-
ture and pressure drop both increase. The response is seen to be quite rapid.
The boiler pressure drop reached equilibrium within about i to 2 min. The
boiler outlet temperature required approximately 5 min to reach equilibrium,
but most of the increase occurred in the first i to 2 min.
The overall effect of the addition of Rb is
a nearly instantaneous change in performance. With sufficient Rb, the improved
performance is that of a fully conditioned boiler.
(f) Performance of Rubidium Effectiveness
The improvement in performance resulting from
the addition of Rb has been well demonstrated. The boiler performance has been
upgraded to the state predicted by theory for fully conditioned operation. An
important question to be answered is whether the improvement achieved through Rb
injection is permanent, since ten injections were required to maintain good
performance during the test duration. An investigation has been made of the
correlation between Rb injection requirements and conditions of the test. A
correlation has been found betwen Rb effectiveness and mercury dumps, which ex-
plains the need for repeated injections. Further data have demonstrated that
with steady operation, and without shutdowns and loop openings, the effectiveness
of the rubidium is constant and there is no degradation.
There is no reason to expect a given amount of
Rb in a system to become less effective so long as foreign substances (with which
the Eb might react) are not permitted to enter the system. Thus, so long as no
interruptions of the system are made which might introduce oxygen and/or other
reactive elements, the performance should continue indefinitely. However, in
view of the relatively small amount of Rb in the system as an additive, it is
obvious that entrance of even a minute quantity of a reactive material could
markedly deteriorate performance.
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During testing, there were several shutdowns
of the loop and a few dumpsof the mercury into the dumptank. Dumpingthe
mercury poses a very probable introduction of oxygen since the cover gas is
not necessarily oxygen-free. Also, the vacuumapplied to the loop when dumped
serves to provide an air source through the vacuumpump. Conversely, the testing
involved one time period where more than 40 hours elapsed with no interruptions of
the loop and no Rb injections. Thus, the meansare available to appraise whether
Rb loses its effectivenss with time, and also to determine if losses that have
occurred are correlated with system interruptions, i
Figures V-68, V-70 and V-71 present boiler
outlet temperature, saturation temperature, terminal temperature difference,
pressure drop, and mercury flow rate - all as functions of time. The time scale
in each figure is based on calendar time so that periods in which the mercury
loop was shut downare indicated. The times of ]To injection and mercury dumps
into the dumptank are also included. The combined relationship of these data
permits evaluation of the effectiveness of rubidium and the effect of mercury
dumps.
After the initial injection of Rb, the loop
was shut down ten times during the test as evidenced by the discontinuities in the
plotted functions. In these ten shutdowns, the mercury was emptied into the dump
tank five times. In each of the startups following a mercury dump, there was
considerable loss of ]Toeffectiveness as evidenced by a substantially low super-
heat and relatively high terminal temperature difference. In fact, all of the
ten Rb injections (subsequent to the initial injection) were required for re-
covery after a startup following a loop dump. These data indicate that the loss
of Rb effectiveness was definitely associated with a system shutdown during
which the loop was emptied of mercury.
After it was established that system inter-
ruptions can result in a loss of ]To, the boiler performance was then analyzed in
light of the permanenceof Rb effectivenss if the system is not interrupted. The
parameter chosen to evaluate Rb effectiveness was boiler pressure drop. Pressure
drop was chosen because it is very sensitive to boiler wetting and heat transfer
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and, also, because the pressure drop data bear a nearly linear relationship to
mercury flow rate. Becauseof this nearly linear relationship, the ratio of
pressure drop to flow rate is a good measureof Rb effectiveness. If the Rb
maintains its effectiveness, the Rb effectiveness factor (pressure drop/flow
rate) is constant with time. Conversely, if the Rb becomesless effective with
time, the Rb effectiveness factor decreases with time.
During testing, a 40-hour time span passed
during which no Rb injections occurred and no interruptions of the system were
made. This period gives ample time to test whether the ten rubidium injections
madeduring testing were necessary to compensatefor a loss in Eb effectiveness.
Figure V-73 presents the Rb effectiveness factor as a function of time over this
40-hour span. There is no evidence of any loss of effectiveness with time. In
fact, someimprocement is evident. It can be concluded that the need for repeated
injections of Rb during the testing was in no way associated with the ability of
Rb to remain effective. But is is very much related to mercury dumps. It appears
that Rb causes permanent wetting and improved heat transfer that does not
deteriorate with time.
(g) Response of Boiler to NaK Inlet Temperature
Variation
There are two fundamental responses of the
boiler to variations in NaK inlet temperature: changes in the mercury pressure
drop and changes in inventory. These changes result from variation in the pinch-
point temperature difference (i.e., the difference between the NaK and mercury
saturation temperatures at the nominal liquid-vapor interface). As the pinch-
point temperature difference decreases with a decrease in NaK inlet temperature,
the required length to preheat the mercury increases. This results in increased
mercury inventory. Also, the mercury-vapor quality discharging from the plug
section of the boiler (the restricted flow section at the inlet, wrapped with a
spring wire insert) is reduced accordingly, since less surface area is available
to transfer the heat to the mercury. A reduction in plug exit quality causes a
marked decrease in total pressure drop across the boiler.
Figure V-74 shows the results of an analysis
of the predicted -i boiler performance with variation in NaK inlet temperature
V-62
Report No. 3053
and NaKflow rates (the variation in NaKflow rate being indicated by the range
of values in _T-NaK from 160 to 200°F). Consider the curve showing pinch-point
temperature difference vs boiler inlet pressure for the case where ZLT-NaK= 170°F.
The diagonal lines running across the figure represent lines of constant NaK
inlet temperature. The parabolic-shaped curves represent operating lines for
various mercury flow rate of 10,500 ib/hr, the pinch-point is seen to vary
from 62 to 10°F, while the boiler inlet pressure varies from 350 to 300 psia.
In the SNAP-8system with a sonic turbine,
the flow rate is controlled by the boiler exit or turbine inlet pressure - the
variation in boiler inlet pressure being taken up with changes in boiler pressure
drop. The lower curve, showing mercury inventory vs boiler inlet pressure,
indicates a corresponding increase in boiler inventory from 20 ib (with a NaK
inlet temperature of 1330°F) to 28 Ib (with a NaKinlet temperature of 1250°F).
Notice that as the NaKflow decreases (as indicated by going from a ZkT-NaKat
170°F to 180 or 200°F), the effect becomesmore pronounced. For example, with
a AT-NaKof 200°F, the pinch-point temperature difference decreases from 44°F
to 3°F in going from 1330 to 1270°F. The corresponding increase in mercury
inventory is from 22 ib to 34 lb. This figure was based on an analysis of the
plng inlet section of the boiler with boiler pressure drop data being taken
from the TS-2B single-tube boiler tests. Ideally, the complete mapshownin
Figure V-74 would have been obtained in RPL-2 tests. However, the test series
in RPL-2 was primarily to obtain performance on the TAA; therefore, only
scattered points were obtained.
Figure V-75 shows the range of values of
mercury flow rate and pinch-point temperature difference covered in the test
series with the TAAusing Rb in the boiler. In the flow rate range ii,000 +__500
ib/hr, pinch-point temperature differences were obtained that varied from i0
to 135°F. It must be noted that these test points were not covered in an
orderly manner (i.e., the mercury flow rate was not held constant and the NaK
inlet temperature decreased, giving a decrease in pinch-points). Instead, the
points were covered on a randombasis. During one period of time, the loop was
operating at a NaK inlet temperature of 1330°F; at another period of time, which
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may have differed by several hours or even several days, the NaK inlet tempera-
ture was 1250°F at a similar mercury flow rate.
Figure V-76 shows the operating line for the
-i boiler with mercury flow rates of 10,700 ib/hr and 11,400 ib/hr as derived
from the curve shown in Figure V-69. The data points shown on the curve were
generated in the course of running the tests with the TAA, and represent experi-
mental verification of the previous analysis. As the NaK inlet temperature is
reduced from 1330 to 1250°F, the curve shows that the pinch-point decreases from
67 to 9°F with a corresponding decrease in boiler pressure drop from 92 to 48
psi. This curve indicates that from a pressure-drop standpoint, the boiler is
compatible with the system requirements with a reactor temperature control band-
width operating between the limits of 1270 and 1330°F. Additional tests are
required to determine if the mercury inventory variation follows the analytical
predication. During the condenser test program in RPL-2, the boiler inlet
temperature will be varied and the shift in inventory determined. An acceptable
shift in inventory as well as pressure-drop variation with NaK inlet tempera-
ture is required before boiler compatibility with system requirements can be
assured.
(h) Boiler Stability
Typically, forced convection boiling systems
are not completely stable. The instability in forced convection boiling systems
manifests itself in variations in outlet pressure. The causes for these insta-
bilities have been classified by AiResearch (Reference 34) and include (i) flow
regime transition, (2) negative derivative of pressure drop with respect to flow
rate, (3) compressibility, and (4) parallel channel coupling.
The data obtained in tests with the boiler
included transient measurements of outlet and inlet pressure, flow rates, and
temperature to evaluate the stability of the boiler system.
Figure V-77 shows a typical recorder trace
during steady-state operating condition for the RPL-2 boiler with the Rb additive
during tests with the TAA. Note that the boiler outlet pressure varies approximately
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sinusoidally with a period of 4 sec per cycle and an amplitude of 9 psi measured
from peak-to-peak. Traces like those shownin Figure V-77 were madefor each
steady-state data point accumulated during the period of testing. The results
were tabulated and correlations were attempted with pinch-point temperature
difference and mercury liquid flow rate.
Figure V-78 showsthe results of plotting
boiler outlet pressure variation with pinch-point temperature difference. Although
a trend is apparent, the wide scatter of the data indicates that outlet pressure
stability is not a direct function of pinch-point temperature difference. How-
ever, Figure V-79 indicates that the most significant parameter which affects
pressure stability is the liquid mercury flow rate; the higher the mercury flow
rate, the larger the magnitude of outlet pressure oscillation. At rated flow of
11,200 ib/hr, the spread in data indicates that the outlet pressure variation
will be from 1.85 to 2.70% of the rated boiler outlet pressure of 270 psia.
Other forced convection systems have showna
sensitivity in pressure stability to liquid preheat and system pressure level.
Data in this test series with the degree of subcooling varying from 575 to 875°F
showedno effect on outlet pressure stability. System pressure level is the
most sensihive parameter, as seen in Figure V-79.
(i) Inlet Orifice Plugging
During operation of the boiler with rubidium
(D-3-Z-36) a problem was encountered with an abnormally high pressure drop across
the mercury side. Figure V-80 showsa plot of pressure drop as a function of
flow rate for this run in comparison to an earlier run with rubidium.
Following data evaluation, it was concluded
that one or more of the tubes was partially or completely blocked by operation
with the plugged liquid filter by-passed. The mercury inlet manifold cover was
removed from the boiler to expose the inlet resistors to each of the tubes.
Figure V-81 is a photograph of the inlet header with the four inlet restrictors
exposed. Note that the upper left restrictor is blocked, which accounts for the
high pressure drop.
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The magnetic material blocking the flow
passage was removed. Its source has not been identified, but it may have been
a portion of the Spirolox retainer which was unaccounted for in the disassembly
of the TAA.
A larger size filter, less susceptible to
plugging, was installed in the mercury inlet to prevent reoccurrence.
(4) Liquid Mercury Entrainment
(a) Effect of Rb Concentration on Liquid Carry-
Over and TAA Output Power
Comparison of the data from runs D-3-Z-29 and
D-3-Z-30 has shown an unexpected decrease in TAA output power from 60 kw to about
55 kw, which represents an 8% loss. There is evidence that some of the power loss
is attributable to changes in boiler performance in that the heat transfer
characteristics of the boiler changed. There is considerable difficulty in
completely appraising the causes and results of any changes since the analysis
must work through heat balances, etc. Although heat balance data are generally
satisfactory, the change in heat output in this case amounts to only a few percent.
Consequently, there is difficulty in gleaning sufficiently accurate data to
identify the small quantities in question. Nevertheless, a suitable analysis on a
rather qualitative basis has been accomplished. The general conclusion is that
insufficient wetting, resulting from a low Rb content_ tended to alter heat
transfer characteristics sufficiently to lower the heat content of the mercury.
The end result was a decrease in TAA power. The basis of this conclusion follows.
The two boiler parameters observed to change
are NaK heat input and mercury pressure drop. Pressure drop is known to be
closely related to the fluid state along the boiler length (i.e., it is not just
the outlet state of the mercury which determines the pressure drop, but also
the location along the boiler length where the changes in fluid properties occur).
Since a strong correlation exists between boiler pressure drop and Rb concentra-
tion, it follows that Rb concentration must also be correlated with the distribu-
tion of fluid states along the boiler.
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With good wetting, a shorter length of boiler
is required to reach a given fluid state than with a lesser degree of wetting.
Consequently, with higher Hb concentrations, it follows that the superheat length
of the boiler is longer and there is more opportunity for a complete dL_ging and
superheating of the mercury. Whether or not a complete drying of the mercury
actually occurs is not known. It is likely that even with a long superheat
length, some small droplets are never vaporized and remain in liquid form. This
is especially true in that the relationship between droplet vapor pressure and
surface tension makes it more and more difficult for vaporization to occur as a
droplet becomes smaller.
It is considered that the decrease in TAA out-
put power was partially the result of a change in the amount of liquid entrain-
ment in the vapor stream. The decrease in boiler-pressure-drop indicates a
shift of fluid properties with respect to location along the boiler length. The
shift in properties, in turn, means a change in the length of boiler available
for drying and superheating. It is considered that the change in length for
drying and superheating allows a change in the fraction of mercury retained in
small droplet form. This postulate is given confirmation by the observed change
in _a_ neaz inpu_ co the boiler. A d_c_'u_ u_ _uu_t /I_ _ _._...._ .... _ ....
found to correspond to the decrease in TAA output power. This change in heat
input implies a change in the fraction of mercury being vaporized.
An analysis of data has been conducted to
investigate the postulated change in liquid entrainment. The analysis is based
on a comparison between the NaKheat input to the boiler and the apparent heat
absorbed by the mercury.
The term "apparent" bears explanation. Although
varying functions of liquid droplets may be entrained in the mercury vapor stream,
the instrumentation always records the superheated vapor temperature, provided
that the liquid-droplet fraction is not large. Thus, the boiler outlet tempera-
ture reads constant regardless of small changes in liquid entrainment. Since
the heat absorbed by the mercury is calculated from temperature data, the
"apparent" heat absorbed does not reflect the changes in liquid entrainment.
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Therefore, with respect to changes in liquid entrainment, the apparent heat
absorbed by the mercury is a constant. The heat input from the NaK, however,
is not a constant with respect to liquid entrainment. Onthe contrary, it is
directly correlated with the fraction of liquid vaporized. By baking the ratio
of NaKheat input to apparent heat absorbed by the mercury, a convenient means
is available to investigate changes in liquid entrainment on a nondimensional
basis. Provided there is no liquid entrainment, the ratio of heat input to
apparent heat absorbed is alway unity, regardless of the mercury flow rate. If
entrainment occurs, the heat ratio becomesless than unity.
There are two governing factors which affect
the degree of decrease in heat ratio. Onefactor is wettability (and, thus,
rubidium concentration), and the other is mercury-flow rate.
With poor wetting, the heat ratio is less
than with good wetting since the liquid entrainment is greater. Thus, a low Rb
concentration results in a lower heat ratio than a high Rb concentration.
The role of mercury-flow rate is to amplify
the difference in heat ratio between the cases of high and low rubidium concen-
trations. At low flow rates, Rb is relatively unnecessary for good boiler per-
formnce, whereas at high flow rates it can be necessary. The overall effect
of flow rate and Rb concentration on heat ratio is to produce diverging curves
of heat ratio vs flow rate. At low flow rates, the heat ratio is expected to be
near unity, regardless of Rb concentration. At high flow reates, differing Rb
concentrations are expected to produce separate heat ratio curves which diverge
with increasing flow rates.
With regard to the TAApower decrease between
runs D-3-Z-29 and D-3-Z-30, the heat ratio curves of these two runs would be
expected to essentially coincide at low flow rates and to diverge at high flow
rates. Such a divergence would be evidence of differing liquid entrainments as
a result of the differing Rb concentrations of the two runs.
The heat ratio data of the two runs are plotted
vs flow rate in Figure V-82. There is considerable scatter in the data, but the
overall trend is seen to be a confirmation of the foregoing postulates. At low
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flow rates, the data of the two runs essentially intermix and have an average
value that is slightly above unity. The shift from unity is the result of instru-
mentation inaccuracies. The important feature is that the two sets of data
have essentially the same average value. At high flow rates, however, a definite
divergence is seen. The highest flow rate data separate into distinct clusters
with no intermixing. The high flow rate divergence, thus, is indicative of a
greater liquid entrainment with low Rb concentrations than with high concentra-
tions.
Although the analysis has been little more
than qualitative, it does lend credence to the theory that wettability does have
an effect on boiler heat absorption and, hence, on TAA output power. Some
fraction of the decrease in TAA output power is, therefore, likely to be due to
changes in wettability resulting from changes in the effective concentration of
rubidium.
(b) Effect of Mercury Flow Rate on Liquid Carryover
The foregoing analysis of liquid entrainment in
the vapor stream is based upon comparison of heat quantities. An alternate, and
equally infer__a_t!_r_ method is by comparison of mercury flow rates as measured
by liquid and vapor meters.
The liquid-flow measuring meter records the
total flow rate of mercury in the system. The vapor venturi meter, however,
records only the flow rate of vaporized mercury. This latter conclusion is, of
course, true only if the volume of liquid passing through the venturi is negli-
gible compared to the volume of flow of vapor. In cases where only a few per-
cent of liquid is involved, the assumption that only vapor flow is measured is
valid to all intents and purposes. Thus, the means are available for measuring
the liquid entrainment in the vapor stream by taking the ratio of vapor flow to
liquid flow. The difference from unity in the ratio indicates the liquid entrain-
ment.
Care must be exercised in interpreting the
significance of a given flow rate ratio since the instrumentation error is
roughly equal to the difference from unity to be observed in the flow rate ratio.
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Consequently, interpretation of liquid carryover must be made by obtaining
numerous data points spread over a wide range of flow rates. The significance
of this is that at low flow rates the liquid entrainment approaches negligible
values. Thus, the difference from unity of the flow rate ratio at low flow
rates may be taken as an instrumentation offset to be applied to the more
pertinent entrainment values indicated at higher flow rates.
The tests in RPL-2 during _y-June 1965 were
run with mercury flow rates extending as high as 15,000-16,000 Ib/hr. These
high flow rates provide considerably more entrainment than recorded in Figure
V-82, since the boiler is passing much more than its design value of mercury
flow; consequently, the liquid-vapor interface is forced downstream and less
boiler length is available for drying the mercury.
The liquid entrainment data as found by flow
rate ratios are presented in Figure V-83. The data are quite scattered but
they show the definite increase in carryover associated with high mercury flow
rates.
b. Boiler Operation Without Rubidium
The last 390 hours of boiler operation in RPL-2 (Test
D-3-Z-43) was conducted without the use of Rb as a wetting agent. Also, the -i
model boiler in PCS-I has operated for approximately i00 hours without a wetting
agent. Both of these boilers produced superheated vapor at rated mercury flow
rate.
The RPL-2 test loop had been operated for approximately
200 hours with Rb when a major loop problem occurred with test support equipment.
During the extended shutdown, the mercury dump tank was cleaned and all traces
of Rb removed. On restart, the boiler showed full superheat capability as
reflected by measurements of outlet temperature and pressure, ratio of vapor to
liquid flow rate, heat balance, and boiler pressure drop. Operation for extended
duration at high flow rates and velocities with Rb had apparently resulted in
wetted operation without the need for an additive.
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The PCS-I boiler required approximately 26 hours to condi-
tion as shownin Figure V-84 and has never required the use of Rb. However, the
mercury side pressure drop is only 50_ of the value shownin Figure V-69, which
indicates that the boiler has not reached its full thermal capability. The
boiler pressure drop should continue to increase with operating time until it
reaches its full potential.
c. Conclusions/Recommendations
(I) The -i model boiler has exhibited adequate thermal
capacity with and without the use of a wetting agent.
(2) The excessive mercury-side pressure drop of the -i
model boiler precludes its meeting the system design point, but it will be used
as a workhorse/backup component.
(3) The tube-in-tube boiler has been designed to provide
diagnostic information on boiler performance and to alleviate the high pressure
drop encountered in -i boiler operation.
(4) Model boiler tests at AGNhave shownthat boilers
operating at below rated thermal performance can be conditioned by using high
liquid inlet velocities (6.0 ft/sec).
(5) Tube-in-tube boiler potential fabrication problems
have been solved.
2. Tube-in-Tube Boilers
The decision was made to design, fabricate, and test a tube-in-
tube (T-T) boiler (Figure V-85) for the SNAP-8 system because of certain inherent
advantages offered by the design over that of the -i tube-in-shell boiler. These
advantages include less weight, less welding, and the ability to internally instru-
ment the mercury profile along the boiler plug and externally instrument the NaK
profile along the entire boiler shell. A technical memorandum (Reference 35)
has been published on this subject. This technical memorandum established the
basic design to be used in regard to tube and shell geometry, general plug con-
figuration, and calculated performance characteristics (temperature profiles, etc.)
under the basic SNAP-8 system requirements.
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a. Model Boiler Tube Tests
Tests are being conducted in the mercury corrosion loop
No. 4 (MCL-4)at AGNas support for the design of the 7-tube boiler (T-T). These
tests are designed primarily to determine the effects of plug design on boiler
performance. This plug is a restricted flow section placed in the mercury inlet
of the boiler to increase fluid velocity. Further increase is provided by a
spiral flow passage created either by machining a standard thread on the plug
inlet or by wrapping it with a wire spring. As a byproduct from these tests,
local heat transfer rates and two-phase pressure drop measurementsare being
madefor extrapolation to the T-T boiler configuration.
Table V-18 lists the configurations tested with some
indication of performance. The notation is as follows:
WI - thread height for a machined plug insert.
HI - thread pitch for a machined plug insert.
- wire diameter for a wire wrapped plug.o
p - wire pitch for a wire wrapped plug.
_L - high-velocity preheat section length or the low
velocity vapor section length (as indicated).
Someplug inserts were instrumented internally with
pressure taps as indicated by the column labeled "Instr".
The initial tests on this boiler showedrelatively poor
performance during the first 670 hours of operation as shownby Curves i and 2
of Figure V-86. The plug insert was modified for Test Run 2 by decreasing the
wire pitch in the preheat section from 3/4 in. to 1/8 in. This gave an increase
in liquid velocity from 0.8 to 6.5 ft/sec. Curve 3 shows the abrupt change in
NaKprofile which is indicative of considerable improvement in boiler performance.
Curves 4 and 5 were generated during subsequent tests with this plug insert,
showing that boiler performance continually improved with time. Test Run 4 was
madewith the original plug insert to determine if boiler conditioning, when
once achieved, was sensitive to plug design. Curve 6 shows a profile which is
typical of conditioned boiler performance.
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Examination of the plug inserts after test showed that
the original plug insert was not wetted by the mercury following 670 hours of
operation, while the high-velocity plug employed in Run 2 and the original plug
insert following Run 4 were both wetted after operation. It is postulated that
operation with the higher velocity gave good initial performance due to the hydro-
dynamic effects on the mercury. Further testing with this high-velocity plug
insert adequately removed contaminants from the surface by scouring, ultimately
resulting in a surface which is wetted by the mercury and no longer dependent
on hydrodynamics. When this conditioned surface is available, boiler thermal
performance is no longer sensitive to plug design. However, the dynamic behavior
of the boiler is dependent, at least in part, on pressure distribution, and
hence on velocity in the boiler tube.
Run 9 was made without a plug insert. The thermal per-
formance was acceptable, but pressure oscillations at the boiler outlet indicated
an unacceptable instability which probably was caused by slug flow in the boiler
tube.
Runs 5 through 8 and Run l0 were made to investigate the
detailed pressure distribution and heat flux rates as a function of plug insert
design. These data are now being reduced to develop 2-phase pres_ur_ d_op
correlations and to determine the empirical constants in forced-convection
boiling heat transfer correlations.
b. Fabrication
The tube-in-tube boiler design presented two primary
fabrication problem areas. These included the requirement to produce AGC Class
XV quality automatic internal welds of the tube-to-tube sheet weld joints, and
the requirement to coil the seven tubes-within-a-shell tube to the desired diameter
and pitch. Accordingly, the developmental programs described below were carried
out in each primary problem area_
(1) Automatic Internal Tube-to-Tube Sheet Weld Joint
Samples (P/N 097508 and P/N097522)
The tubing used for this weld joint is of 9%Cr-l_Mo
(9M) material, and has a 0.658 in. ID by 0.090 in. wall. A series of tube-to-tube
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weld joints was first prepared with the automatic internal welding machine using
the same basic geometry and techniques developed in the fabrication of the -i
boiler. On these first samples, the proper weld contour was established and the
ability to produce weld with acceptable porosity was demonstrated. Dummy headers
were then fabricated to simulate the "heat sink" of the actual headers, and
sample automatic internal welds were made, establishing the proper current-vs-
time settings for the welding machine. The sample welds with the headers were
subjected to dye-penetrant, X-ray, and metallurgical examination, and were
qualified and certified by SNAP-8 Quality Assurance.
(2) Bend (Coiling) Samples -P/N 097461, P/N 097462,
P/N 097701 and P/N 097702)
A stress analysis of the coiling operation of "The
Flexure of Thin Circular Cylindrical Shells with an Elastic Core" of 29 March 1965,
was completed. As a result of this theoretical analysis, it was predicted that
no buckling or rippling would occur with mean coiling diameters greater or equal
"h o" " H20)to 30 in., if yp (sodium thiosulfate Na2S203 5 were used as filler
material for the bending process.
(a) Bend Sample, T-T Boiler for RPL-2
An installation-configuration layout study for
RPL-2, made using the above information for a 30-ft total-length boiler, revealed
that the T-T boiler No. i design would consist of a 2-1/2-turn, 34.5-in-mean-dia
and 10-in.-pitch helical coil with a 6-ft straight plug section at the mercury
inlet end, and a l-i/2-ft straight section at the mercury outlet end. Accordingly,
a bend sample was fabricated of one turn and 34.5-in. mean diameter using the
same 4-1/4 in. OD by 0.120 in. wall, 321 SS shell tubing, and seven 0.658 in. ID
by 0.090 in. wall, 9M tubes contained therein. The sample tubes and shell were
filled with "tree-resin" and rolled on a coiling machine. After the coiling,
the resin filler material was cleaned out of the shell and tubing. The bend
sample was successful in all respects, except that it was difficult to remove
all of the tree resin from the inside of the 9M tubing. There was no significant
ovality on either the shell or turbine, and there were no ripples on the inside
of the shell.
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(b) Bond Sample, T-T Boiler for PCS-I
Subsequenttheoretical estimates indicated
that with the tree resin used for the bend samples, coiling diameters downto 20
in. might be possible without ripples or buckling on the coil inner diameter
of the shell. Onthe T-T boiler No. 3 design for PCS-I, a coiling meandiameter
of 20.5 in. was planned. Accordingly, a bend sample was fabricated of 1-1/2
turns and 20.5 in. meandiameter using the same4-1/4 in. ODby 0,120 in. wall,
321 SS shell with seven 0.658 in. ID by 0.090 in. wall 9Mtubes contained there.
Two of the seven 9Mtubes contained dunm_
plug inserts; one of these was filled with tree-resin and the other remained
unfilled for the bending operation. Of the other five 9Mtubes, one was filled
T!
with photographers "hypo, and the other four were tree-resin filled for the
bending operation. The bend sample was coiled over a mandrel and through a die,
but was not rolled as in the case of the former bend sample. The filler
material was then removed, after X-ray inspection of the sample. Ripples of
approximately 0.2 in. amplitude and 1.4-in. pitch occurred on the shell at the
inside of the coil diameter. It was also determined that the hypo and unfilled
.......... _...._s _nificant ovality as a result of the coiling, but that the
tree-resin-filled tubes did not. Furthermore, the 9M tubes with the du:_ plug_
were perfectly formed with the resin filler, but were deformed with the plugs
touching the tubing wall ID at intervals in the unfilledl tube.
By tighter fitting of the die to the mandrel,
the vendor indicated he might be able to coil the shell to 20.5 in. mean diameter
without the formation of ripples on the coil ID. A 6-ft length of 4-1/4 in. by
0.120 in. wall, 321 SS shell tubing was filled with tree resin and coiled (about
one turn) with the tighter-fitting tooling. There were no ripples as a result
of this coiling; however, appearance of the coil ID indicated that the bending
conditions were marginal as ripples had started to form and were then suppressed,
and there were score marks from the die on the tubing.
The coiling vendor had indicated earlier that
with the same tooling and rolling process used for the first bend sample, coiling
diameters down to 23 in. could be produced. To confirm this, a 180 ° portion of
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the shell tubing from the first bend sample was tree-resin filled and used to
produce a 23-in. mean diameter rolled bend. The results were highly satisfactory;
however, it was ascertained that due to clearance problems with this tooling, 24
in. was the minimum mean diameter and 8 in. the minimum pitch which could be
produced for more than one turn of the shell coil. The decision was made, on
the basis of the above, to design the T-T Boiler No. 3 for PCS-I with a 24 in.
mean coil diameter and 8 in. pitch, and to use the rolling process with the
existing tooling.
(3) T-T Boiler for RPL-2 (P/N 097444-1 or -5)
Fabrication of the T-T boiler, Serial No. A-l, was
completed (Figure V-85). This boiler was coiled to 2-1/2 turns and 34.5 in. mean
diameter helix, based upon the satisfactory results with the first rolled bend
sample (P/N 097702). There is a straight removable plug section at the mercury
inlet end, which is 6-ft long, and a straight section at the mercury outlet end,
which is l-i/2-ft long. The total boiler length is 30 ft. Two sets of new plug
inserts are being produced. One set will have both internal temperature and
pressure instrumentation, including 24 thermocouples and four pressure taps along
the seven plugs; the other set will have only the internal pressure instrumentation.
These plug inserts will be installed in the test bay after they are completed.
The plug design is based upon the tests at AGN with
the CL-4. It consists of an "all machined channel" mercury liquid-phase section
of 12 in. length with 0.001 to O.003-in.-dia clearance with the 9M tubing ID,
plus a 3-1/2-ft length "wire channel" mercury two-phase section. Calculations
indicate that the mercury liquid section, with 3/8-in. pitch by 0.063 in. high acme
thread, will have a pressure drop of about 17.0 psi and an axial leakage of about
3-1/4% of total mercury flow rate. The 0.063-in. OD wire is coiled for a 6-in.
length of 2-in. pitch, plus a 3-ft length of 4-in. pitch.
The fabrication of the boiler progressed as scheduled
except for some minor problems with excessive porosity on the automatic internal
tube-to-header weld joints. These problems were corrected after the third set
of repairs.
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(4) T-T Boiler for NASA-LeRC,W-1 (P/N 097444-7 or -9)
Fabrication was completed on all componentparts for
this boiler except for the plugs. The boiler will be identical to the T-T boiler
for RPL-2, except that the 22 skin thermocouples on the outside of the 321 SS
shell tubing will be eliminated. This boiler is scheduled to be ready for
coiling by 20 July 1965. Two sets of plugs are being fabricated which are
identical to those being fabricated for the T-T boiler No. 1.
(5) T-T Boiler for PCS-1 (P/N 097870-1)
Fabrication was completed on all parts for this
boiler except for the plugs. The final assembly drawing is scheduled for
release during the first part of July 1965. The boiler will be coiled to a
24-in. meandiameter, 8-in. pitch, and 4-1/2-turn helix, with two 2-ft straight
sections at both mercury inlet and outlet ends. The total boiler length will
be 32 ft. The stationary plug will be coiled into the boiler at the mercury
inlet end and will be identical to the two-phase mercury flow portion used for
the T-T boilers No. i and 2. The removable plug (P/N 097874-1) will be insertable
in the 2-ft straight portion of the boiler at the mercury inlet end, and will be
connected tn _he stationary plug with a special snap fitting. The removable
plug (P/N 097874-1) is identical in design to the mercury liquid flow portion
used for the T-T boilers No. i and 2. Fixed mountswill be used near both ends
of the boiler. Present schedules indicate that fabrication of this boiler
should be completed by the end of August 1965.
3. Condenser
a. Heat Transfer
Condenser operation in conjunction with RPL-2 testing of
the TAA has been evaluated, although the detailed performance mapping originally
scheduled has been delayed until installation of the tube-in-tube boiler. Figure
V-87 shows the level of condenser operation in RPL-2 with the bulk of testing,
with thermal loads considerably in excess of design requirements.
Considerable testing was accomplished with rubidium added
to the mercury as a wetting agent, and it is assumed that the data which has been
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reduced represents film rather than drop-wise condensation. This, at least in
part, explains the relatively low overall average conductance: i000 Btu/hr-°F.
The design analysis for the SNAP-8condenser, based on the lower limit of
literature values for mercury condensing coefficients, gave an average conductance
of 960 Btu/hr-°F. It is concluded that the condenser, as designed, can meet its
design requirement even under film-type condensation.
A set of performance mapshas been generated for the con-
denser based on the conductance determined from the RPL-2 tests. A typical map
covering the condenser design point is shownin Figure V-88. Additional curves
have been prepared which cover the performance over off-design conditions of
inventory level and NaKinlet temperature.
b. Pressure Drop
The NaKside pressure drop, although meeting its operating
point, is considerably in excess of the expected values (see Figure V-89). The
NaK-side differential pressure measurements,which had been expected to give
accurate values of pressure drop, were erratic during the tests; pressure drop
was determined from the difference between absolute pressure transducers, which
gave rise to considerable scatter. Accordingly, another condenser built to the
sameconfiguration was water-flow checked, and the equivalent NaKpressure drop
was plotted as shown. The water flow test, which is considered the most accurate,
indicates a pressure drop less than the operating point; however, the design
point of 3.5 psi was considerably exceeded. A review of the NaK-side pressure-
drop analysis showsthat the major uncertainty in the analysis is the pressure
drop at the NaKinlet flow distributor. The spare condenser will be modified and
flow-checked to verify that this is the source of the unexpectedly high NaK-side
pressure drop.
c. Conclusions/Recommendations
(i) The thermal performance of the condenser, based on
assumedfilm type condensation, has been found to be adequate.
(2) The NaK-side pressure drop is in excess of design
values and will be reduced by modification of the hardware for system testing.
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4. Auxiliary Start-Loop Heat Exchanger
Tests were completed on the auxiliary start-loop heat exchanger
during the period lO-11 February 1965. The purpose of the test program was to
evaluate the heat exchanger performance over its range of potential application.
The primary performance characteristic to be determined was the heat exchanger
conductance, UA ( Btu ). Knowing the conductance, it is possible to accurately
hr_°F
predict the heat exchanger performance under any operating conditions.
The conductance of the heat exchanger was found to be 425 Btu/
hr-°Fwith an estimated error of_8.2%. The expected value of conductance was
200 Btu/hr-°F. The difference is attributed to a decrease in the resistance of
the stagnant NaK layer. Internal circulation probably caused the decreased
resistance. As was expected, the conductance was constant and independent of
flow rate. The test program is covered in more detail in a technical memorandum
(Reference 1).
a. Test Data
The test data acquired are presented in Table V-19. These
data show the measured values of inlet and outlet temperatures and flow rates
for both loops. Pressure drop across the auxliiary sid_ uf [h_ heat exchangcr
is also included. Each of the eight test conditions tested represents a lO-min
time interval during which all variables were held constant. The two sets of
readings at each test condition were taken: one at the beginning, and the other
at the end of the time interval.
A more accurate measure of data is possible by averaging
all the data over each test-condition time interval. By means of the digital
data acquisition system (DDAS) used in acquiring data, tape-recorded readings
each haveing a 12-sec duration were available from the test. The computer-
averaged values of all the readings in each 10-min test period are tabulated in
Table V-20.
performance.
and V-20.
These averaged values were used in computing the heat exchanger
The values of primary flow rate are absent in Tables V-19
These flow rates were not tabulated because the flows were below the
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accurate range of the instrumentation. The primary loop rated flow is about
48,000 ib/hr, whereas the heat exchanger test requires flow rates of between
5,000 and 20,000 ib/hr. The auxiliary flow rate, on the other hand is within
its useful range. Since it is not necessary to have both flow rates if tempera-
ture data are available, it is more convenient and accurate to use only the
auxiliary flow rate in calculating the heat exchanger performance characteristics.
A check was madeon the accuracy of the auxiliary flow
rate. A test was conducted with the primary flow at 48,000 ib/hr. A heat
balance between the primary and auxiliary loops agreed within 10%, indicating
that the auxiliary flow rate is reasonably accurate.
b. Test Results
The parameters defining heat exchanger performance are
conductance, (UA), effectiveness (_), and number of heat transfer units (NTU).
The data of Table V-20 are used to calculate these performance parameters. The
calculations are summarizedin Table V-21.
The heat exchanger conductance as a function of flow rate
is presented graphically in Figure V-90. The average value is seen to be 425
Btu/hr-°F. The conductance is also noted to be constant and independent of flow
rate.
The independence of conductance from flow rate makescon-
ductance the key parameter defining the heat exchanger characteristics. Heat
exchanger performance is completely defined by two inlet temperatures, two outlet
temperatures, and two flow rates. Since conductance is independent of flow rate,
all heat exchanger parameters can be evaluated if any four of the six parameters
are known.
Heat exchanger pressure drop is presented in Figure V-91.
The pretest water flow test data are shown, together with the values obtained in
the present test. The discrepancy is likely to result of an instrumentation
inaccuracy on the part of the test with NaK.
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c. Application of Heat Exchanger to SNAP-8System
(I) System Requirements
The heat exchanger has two distinct operating phases:
a prestart phase, and a startup phase. The conditions imposed on the heat ex-
changer are shownbelow.
AUXILIARYSTARTLOOPREQUIREMENTS
Flow Rate2 ib/hr Inlet Temperature_°F
Phase Primary Auxiliary Primary Auxiliary
Prestart 9,500 1,400 1,300 i00
Startup 23,800 3,500 1,300 i00
With the input conditions tabulated above, the heat exchanger is required to meet
the conditions of (a) a heat rejection rate of 70 kw during the startup phase,
and (b) an auxiliary side outlet temperature of less than 650°F in both operating
phases.
It is impossible for any heat exchanger to meet the
above requirements. The heat rejection rate is too high to accommodate the
650°F temperature limitation. The solution is to bypass a portion of the
auxiliary flow and mix it with the heat exchanger discharge fluid. By this
method, it is possible to meet the heat rejection requirement and have a radiator
inlet temperature (mixed fluid temperature) of less than 650°F.
Figure V-92 shows a map of heat exchanger performance.
The input conditions are of those of the tabulation above. The variables are
bypass flow rate (expressed as a percentage of total auxiliary flow) and con-
ductance (UA). For a given heat exchanger, conductance is a constant. Hence,
the variations in UA represent different designs of heat exchanger (i.e., variable
heat transfer area, etc.). A considerable range of combinations of UA and bypass
flow is seen to be available to give the required heat rejection and radiator
inlet temperatures.
(2)
ductance of 425 Btu/hr-°F.
ductance is shown by the performance maps of Figures V-93 and V-94.
Recommended Design
The -i auxiliary start loop heat exchanger has a con-
The performance of a heat exchanger having this con-
Figure V-93
V-81
Report No. 3053
showsthe resulting prestart radiator-inlet temperature for combinations of
heat rejection, auxiliary flow rate, and bypass flow rate. Figure V-94 shows
the resulting startup phase temperature for combinations of the samevariables.
The conductance of 425 Btu/hr-°F is seen to be
satisfactory for meeting the system heat rejection and temperature requirements.
With the auxiliary flow rates shownin the preceeding tabulation, the radiator
inlet temperatures for the prestart and startup phases are 503°F and 427°F,
respectively. The bypass flow rate is 66_ of the total auxiliary flow rate.
Therefore, the existing auxiliary start loop heat exchanger is recommendedfor
use in the SNAP-8system.
The pressure drop across the bypass circuit is the
sameas across the heat exchanger, and has been determined as part of the test
program. The test program indicates that the heat exchanger pressure drop at
maximumflow rate (startup) is less than 1.0 psi. Becauseof the low pressure
drop at design conditions, control would be uncertain and less predictable.
Accordingly, it is recommendedthat an orifice be used in the heat exchanger
line as well as in the bypass line. The design criterion selected is a 5-psi
pressure drop across the heat exchanger line and bypass line during the startup
phase. Assuminga 0.62 in. ID bypass line of 36 in. length, the orifice diameters
required in the heat exchanger line and the bypass line are 0.203 in. and 0.275
in., respectively.
If any problem is encountered in controlling the
radiator inlet temperature because of the relatively high bypass flow rate, the
system auxiliary flow rate can be modified to permit a lower bypass flow rate.
Referring to Figure V-93, the heat exchanger design point could be movedvertically
at the sameheat rejection rate until the temperature at the radiator inlet
approaches 650°F. This would allow decreasing the bypass flow rate to about 50_.
Figures V-92, V-93, and V-94 do not show the heat
exchanger outlet temperatures; they show only the mixed-flow temperatures entering
the radiator. The fluid temperature at the heat exchanger exit is shownas a
function of heat exchanger flow rate in Figure V-95. At the prestart and startup
conditions, the outlet temperatures are 1278°F and 1050°F, respectively.
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The heat rejection rate of the heat exchanger as
a function of heat exchanger flow rate is shownin Figure V-96. The heat rejec-
tion rate at the prestart and startup conditions in 34.7 kw and 70.0 kw,
respectively.
The effectiveness of the heat exchanger is shown
as a function of the numberof heat transfer units, NTU, in Figure V-97. The
effectiveness is the ratio of the actual temperature rise of the auxiliary fluid
to the maximumpossible temperature rise. The effectiveness at the prestart
and startup conditions is 98.5%and 79.0%, respectively.
D. VALVESANDCONTROLS
The SNAP-8valves and controls consist of (1) the temperature control
.......v_v_ rm_T_%_,#,(2) the condenser bypass valve, and (3) a double-solenoid latch
valve design which is used for TAAand mercury PMAlubrication system valves,
for the mercury injection system (MIS) mercury startup and shutoff valve, and
for the heat rejection loop (HRL) (NaK) auxiliary heat exchanger isolation valve.
1. Temperature Control Valve
The function of the temperature control valve (TCV) is to control
the temperature of the heat rejection loop (an_ hence _he Zemperature of the curt-
denser) during the system start transient. A supply of trapped NaK located in a
valve chamber responds to variation in condenser exit NaK temperature. Expansion
and contraction of the trapped NaKactuates a bellows and linkage which is
connected to a throttling mechanism, thus modulating the heat rejection loop flow.
On 8 July 1964, two valves were ordered in which a butterfly
throttle was utilized. Two more valves were ordered on 5 November 1964. Pre-
liminary information obtained during flow test and assembly of the first valve
revealed that this design was not capable of meeting the original requirements.
Valve leakage in the closed position was in excess of 280 lb/hr. The design
requirement was 100 cu cm/hr. Basic assembly problems precluded the possibility
of reducing this excessive leakage. Pressure drop of the valve in the wide-open
position was also excessive and could not be reduced_-lthout sacrificing the re-
quired initial pressure-flow characteristic. The pressure drop was over 5 psi,
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compared to the design value of 0.i psi. Because of these shortcomings, the
second order of the two valves was cancelled. The first valve was delivered on
26 February 1965 and the second valve on 15 March 1965.
Procedures, fixtures, and modifications to the temperature control
valve pertinent to charging the valve control chambers with NaK were completed,
and the final calibration of one valve was completed on 25 May 1965. The total
performance for this valve is shown in Figure V-98. Note that the total per-
formance curve parallels the design performance curve until a temperature of
approximately 580°F is reached, then deviates rapidly. This is a result of the
inability of the linear actuator linkage to accomplish the required rapid valve
flow area change between 580 and 620°F. The first part of the total performance
curve is shifted to the left of the design performance curve. This is a result
of a compromise. Since the temperature change required to cause the valve to go
from full closed to full open is 165°F rather than the design value of 120°F, it
was decided to adjust the set point so that the valve would start to open at
approximately 475°F instead of 500°F, and be full open at approximately 640°F
rather than 665°F. If the set point is adjusted such that the valve opens at
500°F, the total performance and design performance curves will approximate the
same path up to approximately 580°F. The set point can be readjusted with a
minimum of effort if this becomes desirable.
During temperature calibration, it was noted that the valve butter-
fly would tend to stick in various positions, causing the relief mechanism to
actuate. Also, that when the valve was cooled to ambient temperature, the butter-
fly would stay in the open position, even though the valve chamber was pressuri-
zed. One of the unit's design features is that pressurization of the valve chamber
should cause the valve to close.
The binding of the butterfly was traced to excessive friction in
the butterfly bearing support areas. This probably was a result of small distor-
tions occurring in the valve housing during the thermal cycling. Since both the
valve closing mechanism and the relief mechanism are apparently under-designed,
with respect to possible internal frictional forces, it is doubtful that any
improvement in these characteristics can be realized.
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The second valve is presently being calibrated and appears to
operate more freely. The valve opens without sticking. However, it will not
close with the design valve chamber pressure of 43 psia.
The basic feasibility of using these valves is being carefully
considered at this time. The temperature control valve, presently scheduled
for support of PCS-1 testing, is shown in Figure V-99.
Since the valve was not considered adequate to meet the require-
ments of the reference system, a new request for quotation was prepared and sent
to selected valve vendors. Some difficulty was experienced in soliciting quota-
tions. However, the difficulty was finally resolved and an order for two valves
was placed with another supplier. Delivery of these valves is scheduled for
15 December 1965.
2. Condenser B_ass Valve
The function of the condenser bypass valve is to trim the con-
denser outlet NaK temperature during steady-state operation so that variations
in condenser-temperature, which may tend to occur because of component degrada-
tion, are minimized. This condition might occur during the latter portions of
the SNAP-8 lO,O00-hr life.
A detailed study of candidate valve concepts was completed and a
valve requirement sheet and valve envelope drawing were prepared. A request for
quotation was submitted to selected vendors. A vendor was selected, and an order
for one valve was placed. Delivery of this valve is scheduled for 15 December 1965.
3. Double-Solenoid Latch Valve
The double-solenoid latch valves are used for general-purpose
valves in the SNAP-8 systems. Specific applications are TAA and mercury PMA
lubrication system valves, M_IS startup and shutoff valves, and the HRL (NaK)
auxiliary heat exchanger isolation valve. The valve configuration consists of
a shear plate which exposes a venturi flow section.
An initial order for 14 valves was placed in May 1964. An addi-
tional order for eight valves was placed in October 1964. The total complement
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of 22 valves has been delivered. These valves appear to be of a satisfactory
basic design. The overall performance of these valves is presently being evalu-
ated during actual system tests. A photograph is shown in Figure V-99.
E. EXPANSION RESERVOIRS
Expansion reservoirs are required for the primary NaK loop, the NaK
heat rejection loop, and the lubricant-coolant loop. The present philosophy is
to utilize the same reservoir for the NaK heat rejection loop as for the L/C
loop, and a larger version of the same design for the primary NaK loop.
The basic reservoir design approach is analyzed in detail in the SNAP-8
Expansion Reservoir Final Design Review document, dated 4 December 1964. This
document was approved at a design review meeting held 23 December 1964, with the
exception that the location of the HRL reservoir was to be upstream of the
radiator instead of at the pump suction. This relocation allows a higher charge
pressure to be utilized. The higher charge pressure affords protection against
launch and breakaway acceleration heads. The relocation avoids the need for
auxiliary devices previously required to isolate the HRL reservoir during the
launch and separation phases of operation.
Pressure control of the expansion reservoirs will be accomplished by
utilizing a separate tank which is connected by a tube to the gas side of the
expansion reservoir. For the primary NaK loop and L/C loop, a bladder tank will
be utilized for the separate pressure control tank, and a small amount of a two-
phase fluid will be introduced between the bladder and the vessel wall. The
reservoir side of the bladder will initially be charged to a predetermined gas
pressure. However, the two-phase fluid will govern the reservoir pressure during
launch and operation. This approach will allow a large reduction in tank size.
A bladder tank will not be required for the heat rejection loop since expansion
and pressure variation characteristics allow a reasonably large gas tank to be
utilized. The charge and operation sequence for the respective reservoir assemblies
is described below.
i. Primary Reservoir
Benzene is an appropriate fluid to use with the primary reservoir
pressurization tank. A vapor pressure curve for benzene is shown in Figure V-IO0.
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The inside of the bladder (which vents to the gas side of the reservoir) will
be charged with nitrogen in accordance with the temperature-pressure schedule
shown in Figure V-101. Before launch the tank will be heated to 250°F. With
reference to Figure V-IO0, the benzene vapor pressure is 44 psi at this tempera-
ture. The bladder tank will collapse until the nitrogen pressure equals the
benzene pressure. As the primary loop heats up, the nitrogen gas will be forced
into the bladder tank. Since the two-phase, pressure-temperature relationship
must be maintained, some of the benzene vapor will condense, thus maintaining
the desired pressure. A 20-in.-dia sphere is required for this concept.
2. Heat Re_ection Loop (HRL) Reservoir
The HRL reservoir does not require a bladder tank. The gas side
of the reservo_ _ _hsr[ed in accordance with the temperature-pressure schedule
shown on Figure V-102. Before launch the gas tank is heated to 250OF. This will
result in a launch pressure level of 30 psia which is sufficient to protect
against formation of voids due to launch and separation. During steady-state
operation the operating pressure will be between 36 psia and 44 psia. A 10-in.-dia
sphere is required for this concept.
3- Lubricant-Coolant (L/C) Reservoir
The mode of operation for the L/C reservoir is similar to that
of the primary reservoir except that o-xylene would be utilized in place of benzene.
The vapor pressure curve for o-xylene is shown in Figure V-103 (top). The
charging temperature-pressure relationship is shown on_igure V-IO 3 (bottom).
A 12.5-in.-dia sphere is required for this concept.
4. Further Work
In accordance with program redirection, all activity on the
reservoir program has been curtailed. The design file has been updated and
includes a summary sheet of all past activity and planned activity at the time
the reservoir program was interrupted.
F. STARTUP SYST_4
i. Mercury Injection System
"The mercury injection system consists of a nitrogen tank, a
nitrogen shutoff valve and pressure regulator assembly, a mercury bellows expulsion
V-87
Report No. 3053
tank, a mercury startup and shutoff valve, and the mercury injection flow control
valve. A schematic of the system is shown in Figure V-I04.
The first three MIS assemblies (minus the isolation and flow
control valves) were assembled in January 1965. A photograph of an assembly
is shown in Figure V-I04. A subsequent review of the MIS with respect to inte-
gration with the PCS-I indicated that it would be possible to overpressurize and
damge the mercury expulsion tank bellows at the end of the injection cycle if
the mercury PMA discharge pressure and the mercury injection pressure at the
end of the injection period varied more than i0 psi. This would result in a
differential pressure of 20 psia across the expulsion tank bellows, which is
sufficient to cause damage to the bellows.
Various methods for protecting the expulsion tank bellows were
studied. The method selected was to install a small valve in the expulsion tank
which would isolate the expulsion tank from the mercury loop just before the end
of the injection cycle, thus maintaining the expulsion tank internal pressure
levels. The detail design of the valve has been completed and modifications made
to the mercury expulsion tanks to accept the valves. Assembly of the MIS systems
will be complete when these valves are installed.
An analysis was performed to determine whether or not water-
hammer effects in the mercury loop as a result of any particular injection sequence
would be a serious consideration. The results of the analysis indicated that
damaging waterhammer effects would be realized if the MIS were operated improperly.
A recommended mode and sequence of operation has been prepared.
Three mercury flow control valves were delivered to Aerojet:
two valves on 5 May 1965, and one on 25 May 1965. One valve was flow-calibrated
with mercury. The results of the flow calibration were plotted and are shown
in Figure V-I05. Note that the flow characteristics closely approximate the
design values. The wide-open pressure drop with a flow of 11,200 ib/hr is 13.5
psi. The design value was i0 psi. Additions to the valves which have been
accomplished at Aerojet include limit switches and position transducers. The
valves will be delivered for system integration without flanges. Initial use for
this valve will be in PCS-I. A photograph of the Valcor Engineering Corp mercury-
flow-control valve is shown in Figure V-I06.
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A Roylyn, Inc. flow control valve is presently being utilized
in PCS-I. The characteristics of this valve are discussed in Section VI of
this report. Performance of this valve has been satisfactory, and no develop-
mental problems have been encountered.
2. Start Pro_ramer
The electrical and mechanical design of a rack and panel -X
start programer has been completed. Fabrication and bench testing of the
first unit has been completed, but the final acceptance test has not yet begun.
The electrical design of a checkout unit has been completed.
This unit would be used in the acceptance test procedure for checking the start
programer. The mechanical design and fabrication of the checkout unit, along
with the required harness interconnections, have been completed. The unit also
has been used to perform the previously mentioned bench testing of the start
programer.
The electrical components and material have been ordered for
use in the fabrication of a second -X rack and panel start programer to be
delivered to LeRC.
A rack and panel design was used for this experimental start
programer since some of the startup procedure must be developed in the Phase II
electrical tests of SL-I/PCS-I. By designing the start programer into a rack
and panel assembly, modifications can easily be made. Spare relays, diodes, and
terminal boards have been provided in this design which will enable the necessary
modification to be made in a minimum period of time.
The start programer contains the inverter frequency control,
but because of the delay in the shipment of the inverter, the development of
the frequency control has been delayed. This in turn has delayed the final
acceptance test of the start programer until such time as the inverter frequency
control can be tested with the inverter. The design of the start programer and
its checkout unit is such that the complete electrical tests, excepting the in-
verter frequency control, can be accomplished. The bench tests of the start
programer show that the sequence of operations is correct. Because there is some
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question as to the ability of the inverter to start two HRL PMAs simultaneously,
a modification in the start programer must be made which wdll allow the inverter
to start one PMA at a time. It is expected that these design changes will be
made and that fabrication modification will be accomplished in August.
One start programer will be completed and ready for PCS-I
following PMAmodifications and the inverter frequency-control tests. Fabrica-
tion of the second rack and panel -X start programer for LeRC will be initiated
in July.
3. Inverter
Considerable difficulty has been encountered by the supplier
throughout this report period. Delivery of two inverters was scheduled for the
end of November but, because of a continuing series of problems_ no delivery
has been made.
Early problems encountered were the inability to obtain perma-
nent magnets meeting the specification requirements, and winding problems on
the generator stator winding. The best magnets available measured low by as
much as 5_ on the specified magnetic properties. These magnets were accepted
after the delay encountered in rejecting three previous shipments. This devia-
tion reduces the output capability of the inverter. The generator windings
failed to meet the dielectric strength requirements because of insulation damage
resulting from the coil forming and winding procedure. This problem was resolved
by making changes in the insulation system and the coil forming tools.
In January, delivery of the inverters was rescheduled to allow
a redesign of the housing, heat sinks, and other mechanical details. This re-
design became necessary when the supplier was unable to produce satisfactory
welded joints in the assembly of the component parts of the inverter. The major
changes in the redesign included changing the housing material to 304 SS to
improve welding characteristics, increasing the housing thickness with changes
in the weld joint design, and replacing the paraffin heat sinks with solid alumi-
num heat sinks. The supplier planned to use electron beam welding to maintain
better control of the welding process.
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In March, Aerojet shipped two tap-changing contactors to the
supplier for installation in the two inverters. Installation of the contactors
will facilitate inverter testing by reducing the number of electrical connections
brought out through the housing.
The redesign of the inverter was completed in March, and revised
drawings were delivered.
Componentparts were completed for the first inverter in April,
and final assembly was started. Radiographic inspection records and X-ray nega-
tives for the housing and frame welds were received. The supplier is still
experiencing some welding difficulties. The first housing had indications of
minor defects in the welds, but was accepted and subsequently passed the helium
leak test. The second housing was rejected and will require extensive weld
repair before it is acceptable.
During the magnet stabilization procedure, the shaft coupling
between the drive motor and the inverter became loose and damaged the inverter
shaft. The shaft extension beyond the motor end bearing was bent approximately
15 ° • Concentricity measurements on the rotor components indicated that the
damage was confined to the shaft extension. The end of the damaged shaft will be
cut off and a new piece welded in place and machined to the proper configuration.
In the meantime, the second rotor has been installed in the inverter to continue
the testing.
At 6600 rpm, the rotor began to rub the stators as the inverter
heated up. Both the generator and motor rotors showed evidence of rubbing. No
damage was caused by the rubbing. Investigation of the problem indicated that
the motor heat sink was binding on the electrical lead wires and preventing the
motor frame from seating squarely in the inverter housing. Modification of the
motor heat sink to allow more clearance for the leadwires and a dimensional
measurement procedure to ensure that the motor frame is seated properly has
corrected the rubbing problem.
During the same series of tests, there was noise and vibration
indicating a critical speed slightly above 9000 rpm. The changes to the heat
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sink and the assembly procedure did not affect this condition. Vibration tests
and inverter operation with vibration pickups mounted on the motor frame have
been performed to determine the cause of the low critical speed. Analysis of
the test results is not yet complete, but it is believed that the flexibility
of the motor frame and motor frame mounting is responsible for the problem°
Minor modifications to the motor frame and heat sink mounting had negligible
effect on the test results.
The results of the development tests performed show several
areas in which the inverter design does not meet the specification values.
The output voltage at 220 cps is low (83 v) compared to the nominal $8 v speci-
fied. This is due partially to the low flux density of the permanent magnets
and partially to the assembly procedure and tooling which air-stabilizes the
generator rotor to some extent when it is transferred from the keeper into the
stator. The stator winding limits the insertion of the keeper so that an air
gap exists between the end of the keeper and the stator iron. This air stabili-
zation alone results in low voltage, so no load current stabilization can be
used to adjust the voltage and determine the stabilization point.
The output voltage and frequency vary almost directly with
changes in input voltage rather than being regulated within 59, as specified.
The efficiency at the 220 cps operating point is approximately 419 compared with
the 609 specified. The explanation proposed by the supplier for these results is
that the computer calculations for the motor performance are not accurate at the
low flux density existing in the motor during the high-speed operation.
Estimted date for completion of the acceptance tests and prepara-
tion for shipment of the first inverter is 16 July.
G. STEADY-STATE ELECTRICAL CONTROLS
i. Voltage Regulator
The electrical, mechanical and thermal design have been completed
on the prototype exciter (P/N 44D257911) and voltage regulator (P/N 3SD2060DRI35)
by General Electric (Waynesboro facility) and have been approved by Aerojet.
This completes the basic design of the voltage regulator-exciter.
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With the design and specifications approved, fabrication of
four prototype voltage regulators and exciters was initiated and completed. The
four units were acceptance-tested at the GEWaynesborofacility.
Also, one preprototype voltage regulator (P/N 3SD2060DRI33)
and one exciter (P/N 441)241570)were fabricated and acceptance-testedby GEat
Waynesboro. Delivery of the four prototype units and the one preprototype unit
completes the voltage regulator-exciters from GE.
During the fabrication of the prototype exciter, problems
occurred while attempting to braze the terminals to the current coils in the
exciter. This problem was solved by replacing the brazing with the TIG weld
process. Another fabrication problem was hermetically sealing the ceramic
terminals into the exciter housing. This becamea basic problem, and because
of the intended use of the exciter, it was decided to seal the leaks around the
terminals with epoxy. This epoxy repair worked very well and was used on all
four of the prototype exciters.
Figure V-I07 shows a preprototype voltage regulator and exciter.
Both are installed in the RPL-2 loop and have been controlling the output voltage
of the alternator to 208 _2%L-L during the RPL-2 tests. Operation of the pre-
prototype voltage regulator has beenwithin specifications during all of the
RPL-2 tests.
The prototype voltage regulator-exciter electrical design is
identical to the preprototype voltage regulator and exciter electrical design.
The only difference is the mechanical assembly of the prototype unit. The proto-
type unit (Figure V-108) consists of the voltage regulator in one hermetically
sealed assembly, and the exciter in another hermetically sealed assembly.
During fabrication of the prototype units, no basic problems
occurred in the voltage regulator assembly. The exciter did cause fabrication
problems which have been corrected. WhenGEfirst suggested brazing the terminals
to the current coils in the exciter, Aerojet recommendedthat this be done only
under a controlled furnace-brazing technique. General Electric recommended
brazing because it felt that this would ensure a better current-carrying connec-
tion in the speed control power transformer (SCPT). Aerojet, in_ studying the
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brazing technique versus the TIG welding techniques_ decided to use the welding
techniques in speed control assemblies. After the brazing attempt failed, GE
was directed to TIG-weld the failed joint. The TIG weld proved successful. The
brazing technique was then eliminated from the design. All of the electrical
connections in the exciter are now TIG welded.
There were no leaks in either the exciter ceramic terminal or
in the cold-weld aluminum-to-copper connection in the ceramic terminal assembly°
The leak occurred where the aluminum transition ring was welded to the main
housing. The epoxy repair was used rather than a continued program to eliminate
the leak. Both GE and Aerojet were of the opinion that a continuing effort to
repair the weld and reduce the leak rate could result in having to scrap a unit.
This is because further damage could occur while attempting to repair the exciter
housing leaks.
These fabrication problems were eliminated during the fabrication
of the first exciter. The next three voltage regulators and two exciters completed
their fabrication with no special problems. The fourth prototype exciter did
experience a failure in the insulation after the unit was potted. Because of
the hermetically sealed potted design, it was impossible to repair the fourth
exciter; therefore, it was scrapped and a new exciter was fabricated.
Electrical testing of the prototype voltage regulator-exciter
with the prototype alternator has not been conducted to date at GE. The first
prototype testing of this nature will occur in the Phase II operation of SL-I/
PCS-I.
Voltage regulator-exciter tests have been conducted at the GE
Waynesboro facility. The four prototype voltage regulator-exciters and one pre-
prototype voltage regulator-exciter have successfully completed these acceptance
tests° Figure V-109 shows test results of the volts/cycle output of the prototype
voltage regulator-exciter (P/N 451497). The bench test verified that voltage
regulator-exciter assemblies P/N 481496, P/N 481497, and P/N 481498 operated
satisfactorily upon arrival at the Aerojet electrical laboratory. The bench
check _s not an acceptance test, but rather a verification that operation is
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proper after shipment. The basic operation of all voltage regulator-exciters
has been within specifications. Preprototype voltage regulator-exciters P/N
481493 and P/N381494 have been operating correctly during approximately 800
hours of RPL-2 operation.
The basic operation of the preprototype voltage regulator in
RPL-2was very good, but whenan attempt wasmadeto operate the alternator at
a power factor of approximately 0.74 at 49kw, the alternator output voltage
dipped to 188 v, line-to-line. This drop in voltage was attributed to the small
exciter (P/N 481494) which was installed in RPL-2. There are two versions of
the preprototype exciter. Onecontains the large exciter (P/N 481493) which is
capable of producing 26 ampof field excitation while the smaller exciter is
capable of producing approximately 19 ampof field excitation. The larger
exciter assembly is now installed in the RPL-2test loop and will be used in all
future electrical tests.
The design, fabrication, and acceptance-testing of all of the
voltage regulator-exciters under the present contract with GEhas been completed.
A final report is scheduled for an Aerojet review in July.
Four prototype voltage regulators and exciters are now available
in-house. Twohave been bench-checked at Aerojet; one of which will be installed
in the LCAand TRAfor use in PCS-I. The remaining two units will be bench-
checked in August. This will leave three spare prototype voltage regulator-
exciters available for PCS-I.
Twoof the preprototype voltage regulator-exciters have been
shipped to LeRC. The remaining two are here at Aerojet, one being installed in
the RPL-2 test and the other being retained as a spare for these tests.
2. Speed Control
The speed control system contains a speed control module assembly
(P/N 094897_3), a saturable reactor assembly (P/N 094680-3) , and a power trans-
former assembly (P/N 095247-3). Fabrication and acceptance-testing of one set of
prototype speed control assemblies has been completed.
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The drift test on the speed control sensing circuit was completed
on 22 January 1965o The prototype components that are used in this sensing
circuit were placed in an oven at 150°F on 22 January 1964. The circuit was in
continuous operation for i year (plant shutdowns and replacing test equipment
excepted). During this l-year period, the drift in the sensing circuit was
approximately 0.3_.
Fabrication of the saturable reactor assembly and the power
transformer assembly did not present any basic fabrication problems. This did
notprove to be true of the speed control module assembly, as will be seen from
the discussion below°
The speed control module contains a number of subassemblies -
one of which is the rectifier subassembly° This subassembly presented a number
of problems because of its two-layer construction_ the closeness of the recti-
fiers, and the presence of TIG-welded electrical joints° None of these problems
caused major delays, but a number of small delays occurred when new TIG welding
and assembly techniques had to be developed while fabricating the rectifier
assembly. The remainder of the subassemblies and the housing did not cause any
basic fabrication problems.
A preprototype speed control assembly (P/N 09376-5) and saturable
reactor assembly (P/N 099575-1) has been installed in the RPL-2 loop to control
the speed of the TAA.
These two assemblies controlled the TAA during steady-state
operation, maintaining the speed equivalent to between 400 and 399 cps during
the 800 hours of RPL-2 testing° No unstable conditions at any operating point
existed during the RPL-2 operation.
The prototype electrical speed control design is identical to
the RPL-2 preprototype electrical design. The hermetically sealed prototype
design is packaged in three assemblies: the speed control module assembly
(Figure V-IIO, shown without the cover)_ the saturable reactor assembly (Figure
V-ill), and the transformer assembly (Figure V-If2). Fabrication of the magnetic
components for the three speed control assemblies did not present any fabrication
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problems. Because of the thermocouples installed in these modules, the final
assembly was not sealed. To evaluate the ceramic terminals hermetic seal, the
saturable reactor assembly containing the ceramic terminals was helium-leak
checked. The saturable reactor assembly, although requiring some rework, was
successful in passing a helium-leak rate requirement of i x 10 -7 cu cm/sec.
All electrical connections in the three speed control assemblies
are TIG welded to ensure maximum reliability in the electrical joints. TIG-
welded electrical joints have not been used previously in this type of electrical
design. New techniques required developing throughout the speed control
assemblies. In a step-by-step process, each TIG welded joint was designed as
the assemblies were put together, and a welding schedule was developed simul-
taneously. The end result of this technique produced a prototype speed control
design with highly reliable TIG-welded electrical joints.
Of the three speed control assemblies, the saturable reactor
has the greatest power loss - approximately 800 w. To control the maximum hot-
spot temperature to below 400°F, the mechanical design was dictated, in many
respects, by the thermal design to ensure a hot-spot temperature below 400°F.
To attain low resistant thermal paths, it was necessary to
incorporate adequate thermal paths in the form of heat-conducting supports to
conduct the heat to the base plate of the saturable reactor. The heat-conducting
supports, when welded to the base plate, cause warpage in the base heat sink of
the saturable reactor. Straightening and milling the base plate to the proper
thickness produces a flat surface for good heat transfer. The saturable reactor
was installed and all electrical joints were TIG welded without any major problems
occurring. The unit was acceptance-tested and is now ready for installation into
the TRA assembly. A family of curves for the saturable reactor can be seen in
Figure V-If3.
Like the saturable reactor assembly, the speed control module
assembly presented no problems when fabricating the magnetic components. No basic
problems were encountered while assembling the capacitor subassembly or installing
the resistors in this module. This cannot be said when discussing the rectifier
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subassembly. The difficulty there was two-foldo First, it was necessary to
develop techniques for welding the diodes into the assembly; secondly, it was
necessary to install the diodes and wiring so that a milliameter could be
connected to the diode quads to determine that no damagehad been done to the
diodes during their installation, including TiG-welding. It is necessary to
limit the diode temperature to less than 175°C whenTIG-welding the diodes.
Figure V-II4 shows the diode heat sink and techniques that have been employed
to resolve the difficulties in fabricating this assembly. Four diodes in the
bottom section failed when installed in the rectifier subassembly, requiring
that the top deck of the rectifier assembly be removedto replace these diodes.
This caused considerable problems because someof the welds had to be cut out
and replaced whenmaking the repair. The rectifier assembly has been success-
fully fabricated, and basic techniques developed for the installation of the
diodes.
The speed control module assembly has been fabricated and
acceptance tested. It is now ready for installation into the low-temperature
controls assembly (LCA).
The speed control module assembly in the final design will
incorporate the damping network within this assembly_but the speed setting and
damping network will be installed external to the speed control module during
the PCS-I Phase II shakedowntests. The speed adjustment is required because
no potentiometers are used in the system. The damping network being external
will allow someadjustments to be made. Such action may be required because
all units are prototype and no complete prototype electrical system will be
operated until the PCS-I Phase II shakedowntests. Output characteristics of
the speed control module can be seen in Figures V-II5 and V-II6.
Fabrication of the transformer assembly was completed without
encountering any basic problems. The acceptance test has been completed, making
this unit available for installation into the TRA.
Openloop characteristics of the speed control system can be
seen in Figure V-II7.
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A speed-sensing circuit was put in operation from 22 January
1964 to 22 January 1965. During this 1-year period, the speed-sensing circuit
was operated at a temperature of 150°F. During this time, the output of the
sensing circuit was measured once a week for drift. After a 3-1/2 week adjustment
period, the 1-year drift of the sensing circuit was approximately_0.3%. Being
a stagger-tuned circuit, the drift in one section of the tuned circuit will be
counteracted by the drift in the other section of the tuned circuit. As can be
seen from Figure V-II8, the speed control sensing circuit was extremely stable
for a 1-year period.
The preprototype speed control and saturable reactor assembly
installed in RPL-2 was tested with a stabilization transformer. A stable speed
control system could not be achieved, because of the high inductance and resulting
long-time constant needed for stabilization. The stabilization transformer was
removed from the RPL-2 electrical speed control system and replaced with a resis-
tance capacitance network which was successful in producing a stable operating
electrical controls system.
Three types of stabilizing rate-feedback systems were tested.
The first type was a current transformer feedback from the parasitic load
resistor, the second type was a voltage feedback from the parasitic load resistor,
and the third type was a resistor in series with the control winding of the
saturable reactor for the feedback system. Each type of feedback was fed back
to a resistor in series with the control winding of the magnetic amplifier.
All systems were successful in stabilizing the TAAup to 54 kw. The system
chosen for the endurance testing in RPL-2 is the series resistor in the control
winding of the saturable reactor. This system was chosen because the voltage
feedback system and the current feedback system requires a three-phase full-wave
bridge for signal conditioning. The series resistor in the control winding of
the saturable reactor for the rate-feedback will be usedwith the speed control
module for PCS-1 control.
One set of prototype speed control modules is now available for
use in the LCA and TRA. Fabrication of the second set of modules is scheduled
to begin in July. Electrical operation of the speed control system has been proven
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in the RPL-2tests; this system will be used in the PCS-I electrical controls.
There is one preprototype speed control system installed in RPL-2. Oneis avail-
able as a spare_ and two preprototype speed control systems have been shipped to
LeRCfor use at that location.
3. Low-Temperature Controls Assembly (LCA)
The LCA houses the low-temperature components of the voltage
regulator, speed control, and the -X protective system. This unit will be in-
stalled in Phase II of the SL-I/PCS-I tests. This unit is designed to be liquid
cooled - the liquid-cooled heat sink operating at 150°F. The design and fabrica-
tion of this unit, with the exception of the liquid-cooled heat sink, was
completed previous to this report period. The fabrication of the LCA liquid-
cooled heat sink is scheduled for completion on 16 July. With the arrival of
the liquid-cooled heat sink_ the final assembly of this unit will be started.
There has been some delay in the fabrication of the liquid-
cooled heat sink. Only last March, it was decided not to use a liquid-cooled
heat sink but to use instead a simulated heat sink for the LCA. The simulated
heat sink which replaced the original liquid-cooled heat sink was fabricated and
installed in the LCA. In April of this year, the simulated heat sink was removed
from the program and the liquid-cooled heat sink returned to the design of the
LCA. The design of the liquid-cooled heat sink for this LCA and for the TRA is
identical, and is the same basic design that was completed during the -i (i.e.,
prototype) design of the TRA.
Upon completion of the LCA assembly, a bench check of this
assembly will be made. But it is necessary to have both a TRA and an LCA to
accomplish the final acceptance test, since parts of the voltage regulator and
speed control are located in each assembly (the low-temperature components in the
low-temperature assembly and the high-temperature components in the TRA assembly).
One LCA will be fabricated and installed for Phase II PCS-I/SL-I testing.
4. Transformer-Reactor Assembly (TRA)
After the design of the -i TRA had been completed, some of the
metal parts were fabricated. Then the -i prototype TRA fabrication was stopped.
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figuration.
complete.
23 July.
To replace this unit, a rack and panel TRAwas designed to house
the high-temperature components which were originally scheduled to be installed
in the -1 TRA. This rack and panel design did not contain an active-cooled heat
sink. Cooling by convection and/or forced air was planned.
In March of this year, the design of the rack and panel TRAwas
completed. Fabrication of the units at that time was about 80% complete. In
April, the rack and panel convection-cooled TRAwas removed from the program and
a -X liquid-cooled TRAvery similar to the LCA was incorporated into the program
to replace the rack and panel TRA. All work was stopped on the rack and panel
unit, and the design of the liquid-cooled TRAwas initiated and completed. The
liquid-cooled heat sink in the TRA is identical to the -1 design in the cooling
paths, but the manifold fluid tubes have been changed to match the -X TRA con-
The metal parts for the -X liquid-cooled TRAare approximately 75%
The liquid-cooled heat sink for the TRA is due to be completed on
Upon completion of the assembly, the TRAwill be bench-checked
and then connected to the LCA for the final acceptance test. One -X TRAwill be
fabricated for installation in Phase II PCS-1/SL-1.
5. Harness Assembly
A quasi-type prototype harness was in the design stages when the
-1 TRAwas replaced with the -X liquid-cooled TRA. By eliminating the -1 TRA, the
main junction box (as a part of the -1 TRA) was also eliminated. With this part
eliminated, the greater portion of the -1 control harness design was also elimi-
nated. At that time, due to the program requirements, the quasi-type prototype
harness design was removed from the program and the decisionmade to replace the
quasi-prototype design with a completely workhorse design for the Phase II opera-
tions of PCS-1/SL-1.
Work already is underway on the electrical schematic of this new
workhorse harness. The next phase in this design effort will be the layout of the
installation, but no formal installation drawings will be developed. This new
harness design and installation will be installed as test support equipment and
will not be considered part of the prototype PCS-1 design.
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6. Parasitic Load Resistor
Delivery of four parasitic load resistors has been completed
by the supplier. The first unit, S/N AI, was delivered on 29 January. The last
unit, S/N A4, was delivered on 23 June 1965.
The first attempt to pass the helium-leak test on the first unit
revealed a weld porosity problem that had not been detected by other tests. It
was theorized that the air trapped between the sleeve and the resistor sheath_
and in the hermetic seal terminal of the sealed resistor element_ expanded due
to the heat of welding. During the welding of the elements into the housing_
the pressure increase was thought to have caused the air to blow through the molten
metal of the weld, resulting in porosity.
This theory was confirmed when the resistor elements were removed
for repair. Dye-penetrant inspection of the damaged area revealed minute pinholes
in the sleeve adjacent to the weld. The leakage path was from the inside of the
housing through the porosity in the sleeve and between sleeve and sheath to the
inside of the ceramic terminals and out through a minute crack in the ceramic.
No water leakage was detected during the 500-psia proof pressure test, but it is
believed that this pressure through the leakage path caused the fracture of the
ceramic insulator.
The assembly and test procedure was changed to eliminate this
problem. The final seal weld at the terminal ends of the resistor elements was
not made until after the elements had been welded into the housing. This elimi-
nates the pressure buildup during welding and allows helium-leak testing of the
individual elements after assembly. This change in procedure was completely suc-
cessful in eliminating the weld porosity problem.
Parasitic load resistors S/N A2 and A3 were delivered on 19
February. The S/N A2 was damaged while being removed from its shipping container.
It was tipped up, with the weight of the unit resting on the ends of the ceramic
terminals. The ceramic was broken in each of the four terminals in the outside
row along that side. This unit was returned to the vendor for repair. Protective
aluminum covers were designed and fabricated for installation over the ends of
the parasitic load resistor to protect the terminals during handling and storage,
and thus prevent further damage.
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The installation of the nickel braid terminal connections is
complete on units A1 and A3. Figure V-119 (left) shows the braid interconnections
at the neutral end of the parasitic load resistor where all of the 18 elements are
joined together. Figure V-119 (right) showsthe connections at the opposite end
where six elements are connected in parallel for each of the three phases. Terminal
lugs will be welded to the ends of the three-phase leads whenthe installation
design determines the length of lead required. GradeA nickel braid was selected
for the electrical connections to provide a high-temperature oxidation-resistant
material with sufficient flexibility to minimize the mechanical load applied to
the ceramic terminals. The nickel braid is compatible with the nickel terminals
and copper lugs for welding.
Parasitic load resistor S/NA1 was shipped to LeRCon 9April;
S/NA2 was delivered after repair on 30 April and is now in the process of having
the electrical terminals installed. Lack of a sufficient numberof ceramic-sealed
terminals delayed delivery of S/NA4. Oneshipment of terminals was rejected
because of contamination of the glaze, resulting in a shortage. The long period
of time between the completion of the resistor elements and their sealing allowed
deep penetration of moisture into the magnesiumoxide. An extended baking cycle
was required to remove the moisture and obtain satisfactory insulation resistance
measurements.
Tests were performed during this report period to determine the
effects of hydrogen diffusion into the resistance wire of the parasitic load
resistor. A literature survey revealed no data on hydrogen embrittlement of
Nichrome 5 wire, although there were reports that other nickel chromiumalloys
were not adversely affected.
Twotests were performed by the Materials Department on samples
of wire removed from one of the resistor elements. One samplewas maintained for
2 hours at a temperature of 1600°F in an atmosphere of hydrogen at 15 psia. The
second sample was maintained at 2000°F for 2 hours in a hydrogen atmosphere of 15
psia. An examination of the microstructure at 1500X_and a qualitative bend test
of the two samples, showedno indication of degradation or embrittlement. These
accelerated tests allowed diffusion of the hydrogen completely through the wire,
with time for any chemical reaction which might be expected to occur.
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The major problems encountered in the fabrication of the para-
sitic load resistor are related to the mechanical weaknessof the ceramic hermetic
seal terminals. Any future design should give careful consideration to methods
for reducing the numberof terminals required, and to improvements in the design
of terminals used. With the proper design of sealing enclosures over the ends
of the resistor elements_ the total number of sealed terminals could be reduced
from thirty-six to three. These three terminals could be madeextra large so as
to conduct the total line current and could also be madeextra strong with the
increased size.
High-temperature endurance testing of three -X resistor ele-
ments is still continuing successfully. The accumulated operating time at the
end of this report period was 13,412 hours. These elements are operating in air
o
with the sheath temperature maintained at 1400 F. No detectable changes in
characteristics have occurred during this test.
7. RPL-2 Electrical Controls Tests
The RPL-2 electrical controls tests were conducted to adjust
and evaluate the performance of the SNAP-8 electrical controls system. The
preprototype electrical controls installed in this test have been identified in
the voltage regulator and speed control section of this report. The electrical
controls consists of the preprototype voltage regulator-exciter, the preprototype
speed control amplifier_ and the saturable reactor.
The electrical controls tests showed that the stabilization
transformer was not capable of stabilizing the electrical control system because
its time constant was too short; therefore, it was removed from the circuit.
Instead of the stabilization transformer_ three types of rate-feedback were tested
for stabilization: a current feedback from the parasitic load resistor_ voltage
feedback from the parasitic load resistor, and a current feedback from the control
winding of the saturable reactor. The last-mentioned approach was the one selected_
although all three types were successful in stabilizing the electrical controls
system.
With 6 kw of permanent vehicle load, 36 kw at 0.8 pf was trans-
ferred from the parasitic load to the vehicle load. The results of these tests
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using the voltage feedback from the parasitic load resistor can be seen in Figure
V-120. The regulation of the speed control from no vehicle load to the 36 kw
0.8 pf load was +--0.5%. Steady-state operation of the electrical controls system
showed that the system was completely stable at all operating points. The system
was controlled within 1 cycle variation during steady state, operating from 400
cycles to 399 cycles.
The first series of electrical controls tests was conducted with
the alternator power equal to approximately 54 kw. An analysis (Reference 36)
showed that a feedback with a time constant of 0. 3 sec and a gain of l0 -3 would
be required for stabilization. Using an RC rate feedback, this transfer function
was set up and introduced into the system which was operating in a controlled
oscillating condition at this time. The oscillations were immediately damped out
and a steady-state running condition was established. The current transformer
RC combination that produced the best system was a 2000 _f capacitor and 80 ohms
of resistance (Figure V-121). When a 30 kw vehicle load was applied, the system
dipped momentarily to approximately 380 cycles; when this load was removed, the
system speed increased momentarily to 410 cycles. The recovery time to steady-
state was 2 sec.
The voltage feedback system from the parasitic load resistor
was also successful in establishing a stable operating system (Figure V-122).
Equivalent time constants and gains produced a stable operating system.
The 250-v rate-feedback system used a capacitance _alue of
160 _f with a resistance of 1585 ohms. This feedback was placed across a 285-ohm
resistor in the magnetic amplifier control winding. Other RC combinations were
tried, but this combination gave the best results. The photographs of the tran-
sient response of the electrical control system seen in Figure V-109 use the
160-_f, 1585-ohmRC combination when transferring 36 kw at 0.8 pf vehicle load.
The system dipped momentarily to approximately 388 cycles when this vehicle load
was applied, and increased momentarily to 415 cycles when this vehicle load was
removed. The recovery time for the application of load was approximately 1.9 sec;
the recovery time for the removal of this load was approximately 1 sec. The
voltage rate-feedback system maintained a regulation of +_0.5% and operated stably
at all operating points.
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The rate feedback most desired by the electrical controls group
used a resistor in series with the saturable reactor control winding for the
feedback. This is referred to as the resistor feedback system (see Figure V-123).
This system is preferred because, unlike the current and voltage feedback systems
from the parasitic load system, it does not require a three-phase full-wave
bridge. Introduing the series resistor feedback into the already existing system
will require fewer changesand fewer components. A numberof resistance and
capacitance combinations were installed in the resistor feedback system for
evaluation. The best operating system used a 4-ohm resistor in series with the
saturable reactor control winding, and 133 ohmsin series with the magnetic ampli-
fier control winding. The regulation using this system was +0.5%. When30 kw
of resistive vehicle load was transferred, the system frequency dipped momentarily
to less than 380 cycles; whenthis vehicle load was removed, the momentarymaximum
frequency was approximately 414 cycles. The recovery times in both cases was
approximately 2 sec.
The speed trace test device used for obtaining the pictures during
load transients failed prior to these transient tests of the resistor feedback
system. For this reason, these values for the resistor feedback system were
estimated from visual indications on the frequency meter.
After a period of operation, the RPL-2 loop was shut down.
During this shutdown, a new stabilization panel was fabricated containing the
saturable reactor resistor feedback and a selector switch which could change the
feedback system from the "resistor" to "current transformer." This was done to
provide a dual system of stability in case additional work should be required to
provide a stable system. The dual operation would provide the capability of switching
the system to the current transformer feedback, thereby maintaining stable opera-
tion while values in the resistor feedback system could be modified.
Before startup of RPL-2 Run No. D-3-Z-38, the resistor feedback
was installed in the speed control system. As the system cameup to power, the
selected values of 4 ohms, 2000 _f and 133 ohmswould not completely stabilize
the system. At this time, the resistance in the magnetic amplifier control winding
was increased from 133 to 233 ohms, while the 4-ohm resistor in the saturable
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reactor control winding remained the same. With this adjustment, the system
became completely stabilized, and operation at all tested load points produced
no unstable operation. From Run D-3-Z-38 through Run D-3-Z-44 (a total of 389
hours), the resistor feedback system operated very well.
Based on the results of the RPL-2 tests, modifications are
now being made in the low-temperature controls assembly to include a stabiliza-
tion circuit similar to the one used in RPL-2. The Phase II operation of PCS-1/
SL-1 will use this basic stabilization network, but with one modification: rather
than having the preprototype speed control and voltage regulator in the system,
the Phase II tests will contain the prototype voltage regulator and speed control.
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TABLE V-I
TURBINE ASSEMBLY STATUS
(30 June 1965)
Part Number Serial Number Buildup Number
(P/N) (S/N) (BU/N)
092100-3 A1 1/2
092100-9 AI 2/2
092100-5 A3 3/2
092100-5 A2 4/1
092100-11 AI 5/1
092100-11 A2 6/1
Mockup
Allo cat ion
This assembly was tested on GN 2 and
used for CGEST tests. It is current-
ly disassembled and being modified
for environmental tests.
This assembly was made as a backup
for RPL-2, but was never run. It is
currently disassembled and being
modified.
This assembly was tested in RPL-2 and
has accumulated a total of 830 hours
and 44 starts. It failed on test; it
is currently disassembled and is be-
ing studied.
This assembly was made for testing at
LeRC and is currently being run on
cold gas.
This assembly was made as a standby
for PCS-I and is currently disassem-
bled for modification.
This assembly is allocated for PCS-I
and is disassembled for modification.
A dummy turbine using the case from
092100-3 AI is being used to build a
mockup for PCS-I system installation.
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TABLE V-7
COMA°ARiSON OF SPECIFIED THEP_MAL REQUIREMENTS WITH TEST RESULTS
Item Specification
Cooling 0il
Flow, gpm
Inlet pressure, psia
Inlet temperature, °C
Outlet pressure, psia
Outlet temperature, °C
AP, psi
Bearing
Inlet flow, gpm
Inlet pressure, psia
Inlet temperature, °C
Outlet flow - inboard, gpm
Outlet flow - outboard, gpm
Outlet pressure - inboard, psia
Outlet pressure - outboard, psia
Outlet temperature - inboard, °C
Outlet temperature - outboard, °C
Bearing cavity pressure, psia
Winding Temperatures, °C
Field coil average
Field coil hot spot
Stator winding end turn
Stator winding 180 ° bus bar
Bearing temperature DE
Bearing temperature ADE
Polyphenyl ether
2.84
96
14 max
0.35
20 psia +i psi
200 max
200 max
210 max
149 max
149 max
Test*
Polyphenyl ether
2.84
21.9
96
8.3
ii0
13.6
DE ADE
O. 338 O° 320
20.2 20.2
9l 92
Ool55 o,138
0.175 0.176
6.7 6.2
6.7 6.7
107 120
126 126
- 0.8
153
162
186
2o8
118
ll7
Based on No. i Prototype 2CM391BI S/N 481489.
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TABLE V-8
CHI_&ICAL COMPOSITION, GAS CONTENT_ AND MICR0-INCLUSIONS OF AISI M-50
BEARING STEEL
(Used to manufacture the angular contact ball bearings, P/N 095355,
and P/N 095306_ of the TAA and the Mercury PMA components respectively)
Element
Carbon
Manganese
Silicon
Chromium
Molybdenum
Vanadium
Nickel
Copper
Cobalt
Tungsten
Phosphorus
Sulphur
Iron
Chemical Composition
Nitrogen
Oxygen
Hydrogen
Specified
A B C
1.0 1.0 1.0
1.0 1.O 1.O
Specified Reported
S_nnbol Analysis, % Analysis, %
C 0.77 - 0.85 0.83
Mn 0.35 max 0.25
Si 0.25 max 0.25
Cr 3.75 - 4.25 3.80
Mo 4.00 - 4.5O 4.25
V 0.90 - i.i0 o.98
Ni O. i0 max 0.09
Cu O. I0 max 0.O8
Co 0.25 max 0.03
W O. 25 max 0.07
P 0.015 max 0.011
S 0.015 max 0.006
Fe Balance Balance
Gas Content
N O. 008 max 0.006
0 0.001 max 0.00048
H 0.0005 max Not detected
Jernkontoret Rating
Worst- Reported
D Fields A B C
1.O Thin 0,0 1.O 0.0
1.O Thick 0.0 0.0 0.0
D
1.O
1.0
J
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TABLE V-IO
SUMMARY OF ENDURANCE DATA OF M-50 STEEL
AS LISTED BY IBM 1710 SYSTEM
(Baseline Tests in Mineral Oil)
Failed Part
Life
Bearing Test In Millions of Inner Outer
Item No. Head No. Revolutions Status Ring
i 806 605 035 019.6 Failed F -
2 806 609 035 122.3 Failed - -
3 806 614 035 140.2 Failed F -
4 806 607 007 207.7 * - -
5 806 608 006 207.7 * - -
6 806 604 034 209.5 * - -
7 806 602 009 209.6 * - -
8 806 603 008 209.6 * - -
9 806 615 035 210.1 * - -
i0 806 618 034 282.8 * - -
Comments
FF
BS
FF
TU
TU
TU
TU
TU
TU
TU
Total Life for This Group is 3133.92 hours (13 June 1965)
FF = fatigue failure
F = Failure of designated part
TU = Unfailed suspended test
BS = Suspended test due to ball failure
* = Suspended at required test time-up
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TABLE V-14
STOP-STA/_T TEST - LNL- 3 (24 June 1965)
Restart
No.
Amperage Voltage
Phase Phase Control
A B C A Panel
Time am_p__amp am__volts volts
End-
Turn
Accel. Input Temp
Time Freq. Power TI-'7 oF
sec cps kw
NaK loop at 500°F at ZkPl7_l 8 = 24 psigcycleStarting 5 man "off," i min "on"
1 11:40 43 40 43 -
2 11:46 43 40.3 43.5 186
3 11:52 43 40.3 43.5 186
4 12:o3 43 40.5 44.5 186
5 14:05 43.1 40.5 44.5 188
6 14:10 43.0 40.5 43.5 188
7 14:17 43.1 40.2 43.4 188
8 14:23 43.0 40.5 44.0 186
9 14:29 43.4 40.5 44.0 187
I0 14:37 45.3 42 47 196
ii 14:43 44.5 42.5 46.7 194 190
12 14:56 45.5 42 47 194 192
13 15:03 45.0 42.5 47 194 192
14 15:16 45.0 42.8 47 194.5 192
- 12 - - 410
178 13 - 385
178 19 410 Sliding to 370
3.2
175 38 410 2.8 slid- 360
ing to 3.2
180 8 410 Sliding to 398
3.2
178 i0 410 Sliding to 382
3.2
180 12 410 2.4 to 3.2 372
180 28 410 2.9 to 3.2 355
180 2 man; then 410 2.8 350
switch off
L/C PMA
- 7 (L/C PMA - 4.6 365
off)[
7 - 4.6 350
8 412 4.6 338
8 _ 411 4.4 332
8 (L/C PMA 411 4.7 305
off)
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TABLE V-17
RUBIDIUM ADDITION SCHEDULE
(Added to the Mercury Inventory in the RPL-2)
No. Date Time
i 17 Nov 64 0715
2 21 Nov 64 0610
3 21 Nov 64 0645
4 24 Nov 64 0000
5 5 Dec 64 0845
6 5 Dec 64 1910
7 5 Dec 64 2300
8 9 Dec 64 1649
9 9 Dec 64 1656
I0 9 Dec 64 1703
ii 9 Dec 64 2025
Amount Rb Added (ib)
0.270
0.049
0.049
0.049
0.049
0.049
O.O89
0.049
0.049
0.049
0.049
See Figures V-70 and V-71 for detailed data on performance change
with each Rb injection.
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Test
Condition Time
TAB V-l 
AUXILIARY START LOOP HEAT EXCHANGER TEST DATA
Primary Loop Auxiliary Loop
Inlet Outlet Inlet Outlet
Temp Temp Flow Rate Temp Temp Flow Rate
T-106 T-108 F-102* T-307 T-308 F-305
(OF) (OF) (ib/hr) (OF) (OF) (Ib/hr)
7 2013 1290 1180 - 108 597 3520
2023 1274 1179 - 105 596 3540
8 2045 1286 1185 - 99 664 3000
2055 1290 1188 - 98 666 3000
9 2110 1292 1192 - 95 757 2470
2120 1288 1193 - 97 761 2450
4 2158 1269 1125 - 93 707 2420
2207 1269 1130 - 93 706 2420
5 2301 1280 1142 - 89 804 1950
2311 1267 1130 - 90 802 1950
6 2330 1280 1154 - 88 942 1500
2340 1288 1170 - 88 957 1500
i 0010 1265 1090 - 88 911 1500
0020 1269 1105 - 85 914 1500
2 OlO4 1265 1148 - 86 lO93 lOOO
o114 1265 1148 - 87 lO88 iooo
Pre ssure
A Drop
P 379
< si)
4.24
4.34
3.02
3.o4
1.92
1.92
1.92
1.82
1.12
i. 17
0.62
o.59
0.54
o.58
0.17
Primary flows were not recorded since they were below the accurate range
of the instrumentation.
Equivalent flow rates were determined by heat balance with the auxiliary
loop where flow rates were within the accurate instrumentation range.
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TABLE V-20
AUXILIARY START LOOP HEAT EXCHANGER AVERAGED TEST DATA
Primary Loop Anxiliary Loop
Inlet Outlet Inlet Outlet
Temp Temp Flow Rate Temp Temp
Test Time T-106 T-108 F-102* Tz307 Tz308
Condition Interval (°F____) (OF) (Ib/hr) (_F)
7 2013-2023 1285 1179 - 108 597
8 2045-2055 1287 1186 - 98 666
9 2110-2120 1288 1193 - 95 760
4 2158-2207 1267 1122 - 93 704
5 2301-2311 1263 1129 - 91 800
6 2330-2340 1283 1163 - 87 949
i 0010-0020 1266 ii01 - 85 912
2 0104-0114 1268 1143 - 85 1089
Flow Rate
F-305
355o
3ooo
246o
°.
244o
195o
1520
1500
1050
Values were below accurate range of instrument. Equivalent flow
rates were determined by heat balance from the auxiliary loop where flow
rates were within the accurate instrumentation range.
Table V-20
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TAA: S/N 3/2, P/N 093000-5
AA: S/N 481488
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CURRENTS ARE FOR RATED CONDITIONS;
80 KVA, .75 P.F., 120 VOLTS LINE TO NEUTRAL,
BALANCED LOAD
LEADS
120V.
222A f'--I z
I I %%\ 222A I
SIZES AND RESISTANCES AT 200° C:
/
90 ° BUS _, 55.5 A
55.5 A
NEUTRAL
BUS
ER
111 A 1Jr 55.5A
.4----- e _
90° BUS
55.5 A
LEADS: (3) NO. 8 AWG STRANDED CU X
B1 9.5", .000316 OHMS
g2 7.6", .000254 OHMS
g3 6.5", .000216 OHMS
180° BUS: (]) .080" X .500" X 10.0" OFHC CU, ML ENAMEL, .000116 OHMS
90° BUS: .080" X .500" X 7.5" OFIIC CU, ML ENAMEL, .000249 OHMS
EQUALIZER: NO. 12 AWG STRANDED CU X 7.0", .00177 OHMS
NEUTRAL BUS: .156" X .500" X 7.0" (1/3 MEAN CIRCUM.) OFHC CU, .000118 OHMS
STATOR CONDUCTORS: .125" X .212'" OFHC CU, ML ENAMEL, .0000505 OHMS/IN.
APPROX. 3" OF CONDUCTOR FROM EACH JOINT TO CORE
LEADS
222 A
180°
BUS
180°
BUS
222 A
LEADS
180° BUS: (2) .080" X .500" X 10.4" OFHC CU, ML ENAMEL, .000172 OHMS AT 200°C
OTHER CIRCUIT ELEMENTS LIKE 2CM391B1
Winding Schematic - Prototype Alternator (Top)
and Preprototype Alternetor (Bottom)
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TERMINAL
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HRL Motor Showing Collapsed S t a t o r  Can (Top) 
and the Motor After  Removal of the  Can (Bottom) 
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Temperature Control Valve (TOP) 
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VI. TECHNICAL SUPPORT
A. SYSTEMS ANALYSIS
1. Startup and Shutdown Analyses
a. Computer Studies
(1) Startup
The investigation of the effects of variations in
startup parameters on the reactor temperature criteria and mercury pump NPSH was
completed. The computer runs were analyzed and a technical memorandum (Refer-
ence 37) was issued in which the results are presented, the significance of the
various parameters is discussed, a reference startup sequence is defined, and
the applicability of the reference startup sequence to development testing of
PCS-1 and GPS is discussed.
The resalts of the computer study showed that the
reference startup sequence represents a procedure which is flexible so that future
changes in pertinent parameters can be readily adopted. The reference startup
sequence also results in system conditions and transients which meet all limiting
criteria of both the nuclear system and the power conversion system with margins
for contingencies.
The overall startup study included an investigation
of an alternative startup concept. The alternative concept was based on reducing
overall reactor coolant temperature and power transients by utilizing gradual,
continuous mercur_ flow ramps from 0 to i00% rated flow. This concept was not
adopted in the reference startup sequence because of uncertainty in meeting PCS
limitations and system weight disadvantages. However, the desirable features of
this concept will be explored during system development testing. The results of
this study and a discussion thereof are also contained in Reference 37).
(2) Shutdown
A preliminary investigation of shutdown requirements
and conditions for a ground test system was also conducted with the aid of the
hybrid computer simulation. A limited number of computer runs was made to investi-
gate a proposed shutdown procedure. Satisfactory results were obtained for this
VI-i
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procedure, except during the final step. During the final step, the mercury flow
rate was gradually reduced until turbine power decayed to the point where deceler-
ation occurred. At this point themmercury pumpspeed decreased and mercury flow
then decreased rapidly. The resultant temperature transients in the primary loop
were unacceptable, so further investigations of this portion of shutdownwere neces-
sary. The results of the shutdown investigation, a discussion of this investiga-
tion, and recommendationsfor future studies are contained in Reference _7.
(3) Coordination with Atomics International
The results of the computer startup and shutdown in-
vestigations were discussed with Atomics International personnel who concurred
with the conclusions and reference startup sequencedetermined by Aerojet. In-
formation related to computer simulation of portions of the power conversion system
were supplied to Atomics International along with curves of various startup condi-
tions as a function of time. The information furnished by Aerojet will enable
Atomics International personnel to simulate transients in the reactor during PCS
startup with computer simulation of only the primary loop.
b. Related Studies
(i) Mercury Flow Control Valve for PCS-I, Phase I
The operating characteristics of the mercury flow
control delivered by Roylyn, Inc., for use in PCS-I, Phase I testing were de-
termined from flow and actuation tests conducted prior to installation in PCS-I.
Actuation tests were again conducted after the valve was installed in PCS-I, and
significant differences were noted. The operating characteristics of the valve
were, therefore, revaluated and the results are shownin Figures VI-I and VI-2.
Figure VI-I showsvalve orifice position as a function of time for various drive-
motor voltages, and Figure VI-2 shows valve orifice position required to obtain
a given mercury flow rate for various pressure drops across the valve. The in-
formation given in Figures VI-I and VI-2 can be used, in conjunction with mercury-
loop pressure-drop calculations, to determine any desired mercury flow program for
investigating startup conditions. This information can also be used for checking
mercury flow rate during system operation since instrumentation for determining
pressure drop across the valve is provided on PCS-I.
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(2) Mercury Flow-Control Valve for PCS-I, Phase II
A revaluation of the required mercury flow-control
valve characteristics was undertaken as a result of pressure-drop test data ob-
tained for -1 components. The redefined characteristics were based on a system
with a nominal mercury flow rate of ll,200 lb/hour. Mercury-loop operating char-
acteristics were based on (a) boiler pressure-drop data from RPL-2 tests, (b)
mercury pumpperformance from -1 pumptest data corrected for a trimmed impeller,
and (c) flow test data for other valves in the loop.
The required valve characteristics were found to be
sufficiently different from those determined for the first mercury flow control
valve for a redesign of the valve orifice to be recommended. The redefined valve
characteristics are shownin Figure VI-3 as pressure drop and flow rate as func-
tions of time. Flow tolerance limits are also indicated in Figure VI-3, and are
based on resulting permissible transients obtained from analyzing computer refer-
ence system startup runs.
The characteristics for the redesigned valve were
based on usage in PCS-2. However, as a result of the redefinition of the SNAP-8
program, it is expected that the new mercury flow-control valve will be used for
PCS-1, Phase II testing. Since differences exist between the mercury loop for
PCS-1, Phase II, and that originally plumed for PCS-2j the mercury flow-control
valve will control flow rate in a mannerdifferent from that originally planned.
The appropriate operation of the redesigned valve, when incorporated in PCS-1,
will be determined when flow and actuation test data are obtained and analyzed.
(3) Temperature-Control Valve
The operating characteristics of the heat rejection
loop temperature-control valve, delivered by Roylyn, Inc., were determined from
the results of flow tests and of temperature vs position tests. The tests were
conducted before the valve was completely assembled. Curves of heat rejection
loop and auxiliary start loop flows as a function of condenser NaKoutlet tempera-
ture were determined from the results of these tests. The curves of flow rates
as a function of condenser NaKoutlet temperature are shownin Figure VI-4, along
with similar curves that were used to specify the valve characteristics. Since
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the curves derived from the test data differed from the specification curves_ the
test data curves were used in conjunction with the hybrid computer simulation of
the reference system to determine the effect on startup temperature and flow trans-
ients. The computer run results indicated only slight differences between the
transients whentest information was used and whenthe specified valve information
was used. (The NPSHsupplied to the mercury pumpwas slightly lower in the case of
the temperature control valve characteristics based on test data. However_the
resultant NPSHwas still considered to be sufficiently greater than the required
NPSHfor satisfactory system operation - particularly for any testing in a l-g
environment.)
After the temperature control valve was assembled and
delivered to Aerojet, further tests were conducted to define valve position as a
function of condenser NaKoutlet temperature. The results of these later tests
indicated less desirable operating characteristics than did the first set of tests.
The effect of the new characteristics on startup conditions is presently being
analyzed.
Startup Development Test Information
The redefinition of the SNAP-8program resulted in
transferring someof the startup development test objectives from PCS-2to PCS-Ij
Phase II. Guidelines for preparing a Phase II Pretest Report and test requirement
documentswere issued, incl_ding recommendations for test objectives_ a test se-
quence_and a definition of test results to be evaluated.
Since the issuance of the guidelines on startup de-
velopment testing, a decision was madeto delay - or possibly to eliminate - the
installation of the radiator simulator for Phase Ii testing. The temperature feed-
back effects of a space radiator_ which were to be produced by the radiator simu-
Is_or_ influence startup conditions. Someof the general effects of radiator
temperature feedback maybe obtained during startup development testing by investi-
gating the effect of arbitrary temperature feedback functions. However_sometype
of temperature control is required during system startup.
An a_alysis of heat rejection loop flow and tempera-
ture transients was madefor a typical PCS-I startup assuming that a radiator simu-
lator would not be used and that the air-blast heat exchanger would maintain the
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condenser NaK inlet temperature at lO0°F. The results of the analysis indicate
that the system would not reach rated, steady-state conditions. The heat rejec-
tion loop flow would reach approximately 43% rated flow, and the condenser NaK
outlet temperature would reach approximately 540°F. A comparison of the trans-
ients for the conditions assumed in the analysis, and the conditions which would
result if a radiator simulator were used, is presented in Figure VI-5. The re-
sults shown in Figure VI-5 clearly indicate that some type of temperature control
is required in the radiator system loop.
As a result of the decision to eliminate the radia-
tor simulator during PCS-1, Phase II testing, the information prepared on startup
development testing must be revised. Additional work on formulating detailed test
recommendations for startup development will be conducted.
(5) Turbine and Vapor Line Condensation Effects
During the initialphase of startup, superheated
mercury will leave the boiler and flow to the turbine through the vapor-feed line.
The vapor line and the turbine assembly initially will be at a comparatively low
temperature. Since the thermal capacity of the vapor line and turbine metal masses
is significant, an appreciable amount of heat will be transferred from the mercury,
resulting in condensation.
An investigation was initiated of the extent of
mercury condensation and of its effects on startup conditions. A general approach
to the problem was outlined in which lumped metal masses were used to determine
the amount of condensation occurring, the temperature rise of the metal masses,
the vapor flow to the turbine, and the pressure buildup at the turbine nozzle in-
let during the mercury injection period.
Initial calculations were made by assuming mercury
flow rate and temperature leaving the boiler to be functions of time. The results
of the initial calculations indicated that a substantial amount of the mercury
leaving the boiler during the injection period would be condensed. The pressure
buildup at the turbine nozzle inlet would, therefore, be delayed, resulting in a
delayed turbine acceleration. Since the pressure buildup at the turbine nozzle in-
fluences the mercury flow rate from the boiler, the results of the initial calcula-
tions are not completely valid and can be used in only a qualitative sense.
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The study to determine the extent and effects of
condensation in the vapor line and turbine is being continued by formulating a
more accurate mathematical model of the condensation and re-evaporation processes.
This mathematical model will be used in conjunction with mathematical descriptions
of other pertinent portions of the mercury loop to more accurately define the
pressure buildup at the turbine nozzle, the mercury flow rate from the boiler and
to the turbine, and the turbine acceleration during the initial phases of startup.
2. Speed Control Stability Analyses
An extensive investigation of the SNAP-8 speed control system
was undertaken. The results and the conclusions derived from the investigation
have been published in a technical memorandum (Reference 38). The purpose of the
analysis was (a) to determine analytically the stability margin of the speed con-
trol system with and without the speed control stabilizing transformer, and (b) to
determine analytically an optimum control system configuration.
The analytical work was supplemented by frequency tests of the
saturable reactor, magnetic amplifier, and the stabilizing transformer in feedback
with the magnetic amplifier. The results of the frequency response tests were used
to ensure the validity of the analytical derivations for the speed control compo-
nents.
The general conclusions reached from the analysis can be summar-
ized as follows:
a. The basic speed control system should be stable without
any compensation, such as the stabilizing transformer.
b. The basic speed control system, although stable, is under-
damped with a phase margin of only 22 ° and a gain margin of 12 decibels.
c. The addition of the stabilizing transformer in feedback
with the magnetic amplifier does not improve the stability margin of the system.
d. The stability margin of the system can be substantially
improved by providing current rate feedback from the output of the saturable reac-
tor to the input of the magnetic amplifier.
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Speed control system tests conducted in RPL-2, with several
types of feedback systems, tended to substantiate the general conclusions reached
from the analytical study described in Reference 38.
During the tests conducted in RPL-2, an additional type of feed-
back system was investigated. A resistor was installed in the control winding of
the saturable reactor to provide feedback to the resistor in the control winding
of the magnetic amplifier. The results of tests conducted with this feedback sys-
tem indicated that system stability and transient response could be achieved
equally as well as with a rate feedback system such as that recommended in Refer-
ence 38.
A stability analysis of the speed control system with the simpli-
fied resistive feedback system was conducted. The equations for this analysis were
written in a form which showed the significance of the numerical values of the vari-
ous circuit elements. Equations written in this form permit the values of the
circuit elements to be readily cnangea; also, a parametric study can be conducted
to arrive at an optimum system. The results of the analysis for the speed control
system containing the simplified resistive feedback system indicated that unstable
operation would occur for values of gain near the value calculated for the system.
This result was counter to the results of tests conducted in RPL-2. The analysis
was extended to include the effects of variations in the values of the circuit ele-
ments, but no region of stability was determined which was consistent with the
calculated gain value.
Since the results of the stability analysis of the speed control
system with th_ resistive feedback around the magnetic amplifier do not agree with
actual system test results, it is planned to re-examine the following items:
The overall speed control system block diagram
The transfer functions of the individual components,
which are based on frequency response tests of the
components
The validity of the linearization of nonlinear ele-
ments such as the saturable reactor.
3. Voltage Regulator System Stability Analysis
A frequency response analysis of the General Electric voltage
The transferregulator-exciter was made to determine its stability margin.
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functions and time constants used in the study were obtained from the GE Final
Design Review Manual. These values were reported to be conservative, so the sta-
bility analysis should indicate "worst case" results. The results of the analysis
are shown in Figure VI-6, and the conclusions are as follows:
a. The system with a stabilizing transformer should be stable
but underdamped with a 12 ° phase margin and a 5-decibel gain margin.
b. The system without a stabilizing transformer should be un-
stable and oscillate at a frequency of approximately 6.5 cps.
4. System Analysis Related to GPS
a. PMA-Inverter Operation in GPS
A technical memorandum (Reference 7) was issued in which a
discussion is given of the effect on inverter operation of using two -i HRL PMAs
in the primary loop. Present plans for GPS include the use of two -I HRL PMAs con-
nected in parallel in the primary loop. The addition of a second primary loop PMA
to the other pump loads which must be powered by the -i inverter during startup
could exceed the capability of the inverter. An investigation was undertaken to
determine the ability of the -i inverter to supply the necessary power to the PMAs
for operation during system startup, and to supply the required power to overcome
the starting torques of the primary, HRL, and L/C PMAs. The study consisted of
analyzing several cases for which the following conditions were varied:
(i)
(2)
(3)
(4)
(6)
Number of PMAs connected to a single inverter
Use of more than one inverter
Sequence of loading PMAs onto the inverter
Steady-state operation and PMA starting
Frequency at which inverter is operating
Starting torque of -i HRL PMA.
The most significant factor was found to be the starting
torque of the HRL PMA. Since the value of the starting torque had not been accur-
ately determined by test, no one recommendation was made for a proper sequence or
inverter loading arrangement. However, a table is presented in Reference 7 that
lists alternate recommendations, depending on the actual startup torque which will
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be determined by test. The results of the s_udy did show that one inverter could
adequately maintain steady-state operation of all four PMAs at the 220 cps oper-
ating condition.
b. Computer Simulation of GPS
A computer simulation was prepared for the ground prototype
system based on the system diagram of Drawing No. 095540. Performance of the paral-
lel arrangement of HRL PMAs in the primary loop was determined for rated operating
conditions and for operation at frequencies other than rated. Equations were
written to describe the transient and steady-state operation of primary loop pump
system. Equations based on test results of the -i boiler were also written for a
simplified simulation of the boiler. Transport delay equations were modified to
account for the increased line lengths and component inventories expected for GPS.
Speed control system equations were modified to comply more closely with actual
test results.
_ne computer simulatzon io_- _he gro_d prototype system,
described in the paragraph above, was prepared in the event that the scope of work
for GPS was expanded during the SNAP-8 phase-out program. However, the ground
prototype system arrangement has been modified since the computer simulation was
prepared. Therefore_ further modifications to the GPS computer simulation will be
required before act_al computer work is initiated.
5. Miscellaneous
a. Gyroscopic Effects
A technical memorandum (Reference 39) was prepared to pro-
vide an understanding of the factors influencing the gyroscopic torque produced by
the flow of fluids and to provide a basis for further definition of criteria to be
used in piping design. The fluid flow in the SNAP-8 liquid metal loops could con-
ceivably be used to partially offset the gyroscopic torque produced by other sys-
tem components if the piping were routed properly.
b. Reference System Diagram
Revision E of the Reference System Diagram (Drawing No.
090122) was completed and released for distribution. This diagram, shown in
Figure VI-7_ indicates two sets of operating points. Operating point i is the
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condition in which the system consists of low-performance componentsoperating in
the sun with 1280°F NaKentering the boiler and 35 kw to the vehicle. Operating
point 2 is the condition in which the system contains high-performance components,
but with NaKand mercury flows throttled by orifices so that only 35 kw is avail-
able under the sameconditions as for point i. A further explanation of the oper-
ating points is contained in supplement A of TM340:64-1-238 (Reference 40).
c. Statistical Analysis of RPL-2 Data on Turbine
Performance Degradation
After approximately 300 hours of operation of RPL-2 with
the turbine-alternator assembly, there was evidence of turbine performance degrada-
tion. Onemeasureof the degradation was the ratio of flow indicated by the cali-
brated turbine nozzle to the flow indicated by a venturi meter in the vapor line
upstream of the nozzle. This flow ratio was plotted as a function of operating
time using the average of several data points for each day of operation. Figure
VI-8 is a plot of these data.
A statistical analysis was made, using a multiple-regres-
sion computer program, to examine the mathematical character of the WT/WV ratio.
Initially, the analysis was intended to furnish a guide for deciding whether or
not testing should continue. If the data show that the rate of degradation is ap-
proaching zero (as it appears from cursory examination of the plot), it was reasoned
that testing could logically continue without further damageto the TAAor to the
system. Since the analysis was not begununtil late in the test series, the initial
objective of the study was frustrated by the stoppage of the tests on 22 June when
the turbine failed. The results of the statistical study are useful, however, as
an aid in diagnosing the failure and in demonstrating a useful method for evalu-
ating future test data.
The multiple-regression analysis was conducted in three
steps as indicated below.
(i) First, the computer was instructed to define a linear,
a quadratic, and a cubic function fitting all 28 data points by the least-squares
method. It was found that the quadratic function best fit the three, although it
was not decisively better than the linear.
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(2) Next, the data were analyzed by segregating them
into two groups, assuming a discontinuity at some point in the progress of the
tests. Values of "break" point between the two sets of data were arbitrarily
chosen over a wide range. For each break point, two least-squares linear func-
tions were obtained for the two groups of data on either side of the break point.
The results were compared by examining the total residual variance about both
straight lines for each break point to see which break point best fitted the
whole population of data. It was found that a break point between 23 and 24 days
was decidedly better than any other. The results of the analysis thus far are
illustrated in Figure VI-9, which shows the quadratic function and the two straight
lines with the discontinuity after 23 days. Note the comparative values of frac-
tional standard deviation (fsd) given in the graph. This is an index of the rela-
tive scatter of the data points about the assumed function. Figure VI-IO is a
plot of the fsd values obtained for the different break points, clearly indicating
that the 23-day break poin_ i_ the best fit_
(3) The data of Figure Vi-9, for the two straight lines,
shows an abrupt change in the Y direction at the break point. This suggests that
the nature of the turbine degradation may not be a smooth curve but rather is char-
acterized by sudden changes in the physical condition of the turbine. Carrying
this suggestion a step 9_rther, a third analysis of the data was made by assuming
three horizontal lines connected by vertical "steps." The steps were assumed be-
tween 13 and 14 days and between 23 and 24 days. _%e standard deviation for this
configuration was calculated and compared with those of the previous computations.
_ne results, _i_+_+_±_o_...._n Fixture_ VI-II, suggest that the last-described function
is the best mathematical representation of these data°
The significant conclusion to be drawn from this
analysis is that abrupt changes in turbine performance probably occurred after
the 13th and the 23rd days of cumulative operation (i.e., after approximately 260
hours and 460 hours of operation)° These indications were not discernible by
simply observing the plotted data.
This general character of behavior (i.e., abrupt
change rather than _aduai deterioration) has been substantiated by inspections
of the turbine assembly which revealed cracks in the turbine nozzle housing and
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in the nozzle block welds. It is believed that these cracks developed on March
2 or 3 and again on March 22 or 23. This information is considered to be an im-
portant aid to diagnosis of the turbine failure; the analysis also is considered
to be an excellent example of the application of statistical methods to evaluation
of test results.
B. MATERIALS
Under the terms of the SNAP-8contract, a Semiannual Materials Report
(Reference 41) is prepared covering the sameperiod of time covered in this Semi-
annual Progress Report. The SemiannualMaterials Report is summarizedbelow; for
specific details, the reader is referred to the complete report.
Work was performed during the first half of 1965 to provide data to
guide the selection of materials for SNAP-8system componentsand to provide metal-
lurgical assistance in the design, development, fabrication, and testing of that
system. This work is summarizedbelow under the applicable task categories.
i. Component Design and Development Support
A high starting torque exhibited by the NaK PMA during water
testing was attributed to a high coefficient of static friction of the NaK-lubri-
cated journal bearing. Static friction tests were conducted to evaluate the pos-
sible effect of various bearing-surface condition. It was determined that, with
mating-surface finishes of approximately i rms against i rms, surface "wringing"*
resulted in an apparent coefficient of static friction of 0.40, which is too high.
Molybdenum disulfide most effectively reduced the coefficient of friction (to 0.09);
its disadvantage is that it is nonpermanent in a unit subjected to many starts and
stops. The static coefficient of friction between surfaces of Electrolized chrom-
ium, a permanent coating, was approximately 0.16.
2. Component Fabrication Support
A production order was completed for 30-ft-long tubes of 9Cr-iMo
steel (alloy including 9_ chromium and i_ molybdenum) required for tube-in-tube
(T-T) boiler fabrication. In-process ultrasonic inspection revealed outer-surface
Wringing = effect of surface tension of liquid lubricant.
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defects on 27 of 38 tubes and resulted in their rejection. Twenty-three of the
27 rejected tubes were madeusable by grinding out defects that were 0.003 to
0.020 in. deep (predominantly 0.006 in.). Metallographic examination indicated
that the defects were probably caused by excessive inclusions in the starting raw
material. A cleaning procedure was devised for removing a tightly adherent oxide
film produced during the final heat treatment of these tubes in an exothermic gas
atmosphere. It employs an alkaline permanganatedip, followed by immersion in a
nitric-hydrofluoric acid bath and final cleaning with a steam spray.
Experiments were conducted on procedures for coiling the T-T
boiler with various internal tube-reinforcement materials. Sample coils were
bent using (a) no reinforcement, and (b) tree-resin or sodium thiosulfate (hypo)
reinforcement material. It was determined that tree resin was required in the an-
nulus formed between the external surface of the mercury-containment tubes and the
internal surface of the outer 321 SS (stainless steel) tube. The internal area of
the 9Cr-IMo mercury-containment tubes requires no reinforcem_ _i_ena 34.5in.-dia
boiler-coil assembly is bent, but tree resin is required whena 20.5-in.-dia assem-
bly is bent. Double-cycle cleaning with an alkaline solution (MIL-C-14460, Type I)
proved adequate for tree-resin removal after coiling.
3. Test Operations Support
Before RPL-2 was operated in February i965 with no rubidium in
the mercary, the mercury-containment tubes of the boiler were cleaned to remove
contamination, remaining from the previous operation (when rubidium was used),
that could potentially inhibit proper boiler conditioning at the start. The pro-
cedure described as Method II in Aerojet Specification AGC-i03i9/6 was used.
As RPL-2 accumulated operating time with rubidium additions in
the mercury, the boiler performance became less dependent on the additive. During
the first run in which rubidium was present (November-December 1964), the perform-
ance was unpredictable and periodic additions were required to maintain the proper
heat transfer in the boiler. The February 1965 test run lasted approximately I00
hours; no rubidium was used, and the boiler never achieved the rated mercury-output
conditions. The next test run in March, which included rubidium additive, lasted
more than i00 hours. Only a single injection was sufficient to maintain satisfactory
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boiler performance throughout the run. Although rubidium was lost during three
shutdowns, the amount remaining was sufficient for whatever boiler surface condi-
tioning was necessary. A test run in May-June 1965 was conducted with no rubidium
additive, and it was found that none was required for satisfactory boiler perform-
ance. It appears that (a) as the operating duration increased, the boiler was able
to perform properly without the additive, and (b) the rubidium served as a "condi-
tioning agent" during what would otherwise have been a nonperforming run-in period.
After the RPL-2 mercury boiler started operating satisfactorily
without rubidi_m additive, periodic residue and mercury samples were taken from
s
the loop during the shutdowns. It was found that the mercury remained free of
rubidium. The rubidium oxidatively depleted from the mercury during previous runs
had remained in the loop, however; it was detected in deposits on piping or compo-
nent surfaces, or as residue washed into the dump tank during subsequent mercury
dumps. This material has been continually detected, in ever-decreasing amounts,
in all residue samples analyzed during this report period. These analyses also
indicated that organic materials were entering the loop. Mix-4P3E was detected,
as were various oils used in vacuum pumps in the system. The specific source of
these fluids is not presently apparent.
A particle (mild steel, probably a machining chip) was found
lodged in the upper left tube-inlet-restrictor orifice of the RPL-2 boiler; poten-
tial sources in the loop are the turbine-simulator lines and some parts of the
boiler. Solid particulate material was found clogging the jet-pump orifice of the
mercury PMA. Chemical analysis and metallographie examination indicated a mixture
of metallic, chip-like particles and weld spatter. One particle of weld spatter
consisted of 316 SS. The remaining weld spatter and the magnetic chips were of
an iron-base material. One nonmagnetic particle consisted of Stellite 6B; an
analysis indicated that it could be part of the trailing edge of a turbine nozzle.
A wet brown residue was found in the standoff line of an RPL-2 turbine-pressure
transducer; it had not affected the function and calibration of the transducer.
It was concluded that the residue consisted of finely divided metallic oxides de-
posited in the pressure-transducer line by particulate matter carried by the mer-
cury vapor.
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The throat section of the NaK flow venturi in the NaKprimary
loop of RPL-2 was examined after approximately 800 hours of operation, most of which
had been accumulated without oxygen control in the loop. The inlet and throat con-
tained relatively heavy deposits; the outlet contained only a small amount. Water-
flow tests indicated that the venturi readings would imply flow rates 25%higher
than the actual rate. A sample of the residue, analyzed qualitatively by emission
spectroscopy, was found to contain chromium, nickel, and molybdenumin approximately
the sameratios found in 316 SS (17 to 12 to 2.5, respectively).
Sections of the RPL-2 loop piping at the inlet and outlet of the
gas-fired NaKheater were examined. The microstructure of the inlet section indi-
cated a surface deposit and also an intergranular deposit extending approximately
0.001 in. (cross sectionally) into the pipe. The microstructure of the outlet
piping indicated the possible presence of minor deposits, but there was no evidence
of intergranular penetration.
Mass-transfer deposits were found in the pumping sectiom of _-
RPL-2, primary, NaK, electromagnetic (EM) pump; they caused reduced NaK flow
through the pumpat the rated current flow. The deposits were hard and tenacious
and appeared to be concentrated in bar-bar-attachment areas.
An analysis wasperformed on the RPL-2, 316 SS, NaK-to-NaKheat
exchanger that failed after 1356 hours and 47 cycles oz prmm_#-ioop :_T__,___
tion and ll70 hours and 44 cycles of heat-rejection-loop (HRL) operation. The
failure occurred at the outlet end of the heat exchanger. The 316 SS heat-exchanger
material was not detrimentally affected by the service conditions. However, the
operational stresses imposed on the heat exchanger at the _'_ _tin_ it to
the heavy-walled loop piping apparently exceeded the ultimate strength of the thin
exchanger-shell material, resulting in component failure. Evidence was found that
both metal mass transfer and carbon transport had occurred.
A graphite-base heat-transfer cement (Thermon Type T-63) had
been applied to provide a heat-transfer medium between trace heaters and the liquid-
metal lines of RPL-2. Examination during a loop "shutdown in April indicated that
cement degradation had occurred on lines that were maintained at 1300°F. In one
instance, the cement temperature was below the maximum use temperature specified
by the vendor. In another instance, improper control of NaK-line heaters raised
the temperature of the cement significantly above the 1250°F specified maximum
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temperature. The degradation was due to oxidation of the graphite and melting of the
cementbinder adjacent to the heater sheaths. The heat-transfer cementwas thus
converted to an insulating material. To prevent possible trace-heater (and perhaps
liquid-metal-pipe) failures in the future, the cementwas removedfrom the high-
temperature lines° No evidence of cement degradation was apparen_ on the lines
maintained at 600°F or lower, and the material was retained for the low-temperature
lines.
Precipitated crystals were found in a sample from the first pro-
duction order of mix-4P3E for the lubricant-coolant (L/C) loop of RPL-2° It was
concluded that the precipitation (of p-p isomer) resulted from an excessively high
p-p isomer concentration in the fluid (i.e., greater than 3%)° Information from
Shell DevelopmentCompanyindicated that a p-p isomer content above 3%can lead to
crystallization. A sample of the mix-4P3E from RPL-2was analyzed after the series
of turbine tests. Approximately 800 hours of testing had produced very little
physical-property change (which should not affect fluid usability)° Fluid dis-
coloration appears to have been caused by partial thermal decomposition above 800°F.
Overheating of the fluid at the Calrod heater surfaces was evidenced by a carbona-
ceous deposit on the heater sheath. At Aerojet's request, Shell Development ran
dynamic viscosity tests on mix-4P3E, using a Hoake Rotovisco (rotary viscometer).
Tests at 68, 122, and 176°F indicated that the fluid is Newtonian in its behavior.
A pipe failure occurred in the HELpurification system of RPL-2.
The failure appeared to be associated with a trace heater used to maintain the pipe
temperature during loop operation. Five holes penetrated through the pipe wall
within an 8-in. length in the failure area° The microstructure indicated that the
316 SShad been molten in the area of each hole. A probable cause of the failure
was electrical shorting of the heater through the pipe to ground.
Power Conversion System 1 (PCS-1) of System Loop Test Facility 1
(SL-1) was cleaned to remove the oil residue that was potentially present on all
internal surfaces prior to final assembly° The cleaning procedure employs two
alkaline cleaning solutions: an alkaline rust remover (including approximately
70%sodium hydroxide) and an alkaline detergent. The turbine-alternator assembly
(TAA) and mercury PMAwere not cleaned in this £ashion, but individual parts were
ultrasonically cleaned in Freon during assembly. All 9Cr-lMo, PCS-1, mercury-loop
tubing was X-rayed becausemetallographic examination of samples revealed internal-
surface lap-type defects. The defective material was replaced.
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Sections of three trace heaters removed from the L/C line of
SL-I were evaluated after two of them had failed. Metallographic and radiographic
examination indicated that the failure occurred because the Nichrome heating wire
becameoverheated and melted_ and the melt flowed through cracks in the magnesium
oxide insulation to short the heating wire to the sheath. It is believed that the
cracks were produced whenthe heaters were bent to fit the contour of the loop pipe.
The primary cause of the overheating of the heater apparently was the unintentional
presence of thermal-insulation material between the heater and the pipe in local-
ized areas.
During a wet shakedowntest of SL-I, the HRLChempumpfailed
after a few seconds of rotation. While the pumpwas being disassembled, residue
samples were collected and analyzed. They appeared to consist of a mixture of
finely divided oxides of NaK, metallic particles resulting from pump-bearing gall-
ing during the failure_ abrasive residue that was not completely removed from a
pumpcomponent_^_ _ p_T_.._._._. .... hT_tin_,_ or grinding operation_ and a polymer ma-
terial.
During the operation of Liquid-NaKLoop 3 (LNL-3) with a proba-
ble high oxygen content, several test pumps and the loop required internal flush-
ing to remove oxide buildup. The first pump tested was disassembled in an oil
bath, and the oxide buildup was confirmed. Two subsequent pumps and the loop were
flushed with alcohol and water and were not disassembled, h_en the ]ast pumD was
cleaned by internal flushing, a black residue was found in the cleaning fluids.
Infrared spectrophotometry produced a representative curve that was not identifi-
able. Five organic materials used in the loop will be reacted with NaK at 500°F,
and the infrared curve for the resultant residue will be compared with the curve
for the residue found in the cleaning fluid. Two NaK PMA housings were evaluated
after NaK leaks developed during LNL-3 tests. It was found that the castings con-
tained excessive porosity and, in one instance, a casting cold-shut resulted in an
unfused through-the-wall plug. Through-wall porosity in unused housing castings
was not detected in dye-penetrant tests or single-wall radiography. A housing that
had failed due to through-wall leaks was brush-plated with iron and was returned
to testing; through-wall leakage again occurred during a subsequent test run.
A paste-like Cerrobend residue was found in the visco pump seal
of a mercury PMA tested in Liquid-Mercury Loop 3 (LML-3). A black, flaky residue
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(believed to be iron-base-alloy surface scale and/or machine chips) was also
found in the mix-4P3E fluid of the sameloop system. The LML-3 was apparently
assembled in a manner that did not assure overall system cleanliness.
4. Transformer-Reactor Assembly_ Heat-Sink Transition Joint
Electro!ess nickel, silver over electroless nickel, and Electro-
lized chromium were evaluated as candidate coatings to protect the copper portion
of the transition joint against reaction with the L/C fluid (mix-4P3E) in a nu-
clear-radiation environment. A galvanic-corrosion reaction was found to have oc-
curred between the aluminum portion of the transition joint and the nickel during
the plating of the specimen. This attack is considered detrimental to reliable
protection of the copper and eliminates any coating system that employs electro-
less nickel on aluminum. The Electrolized chromium coating exhibited satisfactory
adherence, but coating voids were found on the unexposed specimen and coating
cracks were found on the exposed specimens. These defects contraindicate the
use of Electrolized chromium.
An evaluation of experimental, direct-bond, aluminum/316 SS speci-
mens that were exposed to mix-4P3E at 250°F was also completed. The specimens ap-
peared unaffected. Metallographic examination showed no surface reaction with
the fluid, nor was there evidence of cross-bond diffusion resulting from the ele-
vated-temperature exposure. This joint, representing an advance in the state of
the art, deserves further consideration as an alternative to the coated four-metal
transition joints.
5. Bimetal-Tube Evaluation
A 9Cr-iMo/316 SS tube butt-weld-joint specimen was prepared by
TIG (tungsten, inert-gas) welding and was evaluated. Metallographic examination
of sample sections indicates the retention of individual layers of 9Cr-iMo steel
and 316 SS in the welded area. The 9Cr-iMo steel liner collapsed, however, possi-
bly because of the thin 9Cr-iMo steel layer (0.020 in.). It may have collapsed
during welding because of the stress imposed by the higher thermal expansion of
the 316 SS.
An order for columbium/316 SS tubing was completed, and the ma-
terial was evaluated. Twelve tube lengths of two different sizes (0.400- and
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0.684-in. ID by 0.055-in. wall, of which 0.020 in. was columbium) were received.
Ultrasonic inspection and confirming metallographic examination indicated that
only three lengths (none of the large-ID specimens) contained an acceptable metal-
lurgical bond between the columbiumand the 316 SS.
6. Boiler Conditionin_ Studies
An investigation of the boiler-performance effect of adding
rubidium to the mercury was initiated. An apparatus was designed and fabricated
for making controlled rubidium additions and a mix-4P3E addition to the mercury in
Component Test Loop 2 (CTL-2) at Aerojet-General Nucleonics (AGN).
The loop was started and was brought up to the rated boiler-
outlet conditions (265 psia at 1265°F). Twenty-five grams of mix-4P3E was ad-
mitted to the mercury-pump suction. An effect on boiler conditions was noted im-
mediately, and within 45 min the boiler-outlet temperature had dropped from 1270°F
to ll00°F, indica_i_ that the boiler was deconditioned.
Small amounts of rubidium were subsequently added to the mercury
in the loop through an auxiliary addition tank. Partial conditioning (boiler-
outlet condition, 1270°F and 165 psig) was indicated after the rubidium concentra-
tion reached 600 ppm. This partial conditioning of the boiler could not be sus-
tained _---w__ _1_-nutlet_.... oressure was increased, as indicated by a decrease
in the boiler-outlet temperature. The rubidium content of the mercury appe_±_ to
decay if constant additions are not made.
7. 9Cr-iMo Steel_ Strength Evaluation
Eight sheet specimens were tested in air at !325°F for periods
up to 1845 hours. The tests indicate that welding does not decrease the creep or
creep-rupture strength of 9Cr-IMo steel at 1325°F.
Cyclic-creep tests were completed on specimens of 9Cr-iMo steel
in a NaK environment. Three 9Cr-iMo steel test capsules were stressed in a NaK
environment at 1325°F to simulate the SNAP-8 boiler environment. The stresses
were induced by pressurizing the internal NaK. Thin sections were machined in
the walls to control the location of the stress and to permit two different stresses
to be investigated in each capsule. The pressure was changed each 30 sec so that
a_lO% stress cycle resulted.
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Analysis of capsule-wall measurementsrevealed that creep oc-
curred in all sections.
Micrographic examination showedthat severe grain growth occurred
and was accompaniedby elimination of the carbide precipitation in the grain bound-
aries. A fine dispersion, appearing to be carbides, remains equally distributed
throughout the wall, except for a layer less than i mil thick on the inside sur-
face. The sameprecipitation pattern was noted in the unmachinedsections of the
walls, but someparts of these lower-stressed sections did not recrystallize.
8. Corrosion-Loop Program
Corrosion Loop 3 (CL-3) was removed from its test cells and dis-
assembled after a section of 316 SS tubing failed in the NaK heater, causing a
shutdown. The failure resulted from intergranular cracking associated with a
second phase that precipitated heavily at the grain boundaries, especially in the
failure area. Selective etching indicated the precipitate to be sigma phase, but
attempts to confirm this by electrolytic extraction and X-ray diffraction have not
been successful.
The boiler performance constantly improved during operation, as
indicated by a shift in the NaK-temperature profile; the shift stopped after 2000
of the 4400 hours of operating time.
The 316 SS outer shell of the mercury boiler showed no evidence
of corrosion. There was some carburization of the 316 SS in the hottest section
of the boiler (1310°F). The NaK side of the 9Cr-iMo mercury-containment tubing
exhibited decarburization, primarily at and near the NaK-inlet end. The decar-
burization depth decreased gradually along the boiler toward the NaK outlet,
where the temperature had decreased to approximately 1270°F. In tube sections
where the NaK temperature was below 1270°F, no decarburization was observed. Some
exterior cracking of the 9Cr-iMo steel tubing was also observed, most of it in the
area of highest heat transfer, and may be associated with thermal stress or thermal
fatigue. Tube cracking was also observed on the mercury side (interior).
The other components (e.g., the NaK EM pump, EM flowmeter, and
316 SS tubing in the NaK primary loop) showed no indications of corrosion or mass
transfer. Sections of Chromalized Hastelloy N, 347 SS, and Hastelloy C incorporated
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in the NaKprimary system to simulate reactor materials showed no appreciable cor-
rosion. The 347 SS in a high-temperature section of the NaKprimary system (1320°F)
showed little change in microstructure as compared with the 316 SS.
Pitting was found on the 9Cr-lMo steel boiler-inlet plug (5 ft
long) in the area 7 to 21 in. from the boiler inlet. The inner surface of the
9Cr-lMo steel tubing in the plug area was lightly pitted. The NaK-temperature
profile of the boiler indicates practically no heat transfer in the plug region
after the preheating of the liquid mercury in the first 2 ft of the boiler.
Examination of the interior of the 9Cr-lMo steel boiler tubing
following the plug resion indicated heavy pitting and surface cracking in some
sections, especially where the heat transfer from the NaKto the mercury was the
greatest. Corrosion-product deposition was also found in that area.
The pattern of corrosion and corrosion-product deposition in the
boiler suggests a relationship to th_ mcrcu_y flow oattern or hydrodynamics during
boiling.
Most of the corrosion-product deposition was found 25 to 30 ft
from the boiler inlet, where the pitting depth decreases sharply. The corrosion
products are deposited as the quality approaches 100% and the liquid mercury in
the stream is supersaturated with them.
The change in the NaK-temperature profile with operating tim_
indicates that the mercury-flow pattern was changing constantly up to 2000 hours
of operation. This would account for the pitting and corrosion-product deposition
observed in _ ...._._ 30 to 50 ft from the mercury inlet.
Other areas of the mercury system appear to be free of serious
corrosion and mass-transfer problems when 9Cr-lMo steel is used. Essentially no
mass-transfer deposits were found in the condenser and the liquid lines in the
loop. The corrosion products generated in these areas apparently remained sus-
pended in the mercury and/or floated at the mercury-vapor interface.
Examination of the NaK side of the mercury condenser, the NaK
heat exchanger, and the tubing that made up the condensing system revealed no mass
transfer or corrosion. Because of the low operating temperature of this system
(700°F maximum), no material-corrosion problem was expected.
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CL-4 was operated for ii00 hours. Oxide control of the NaK pri-
mary loop was satisfactorily maintained by cold trapping of the mercury system for
650 hours.
Superheated vapor was obtained immediately when mercury was in-
jected into the boiler, but rated design conditions were not obtained.
A slight improvement in boiler performance was noted on the basis
of the NaK-shell-temperature profiles at the beginning and end of the run. These
profiles showed that some conditioning had occurred in the last 15 ft of the boiler;
they also indicated that an extended run-in period is required to condition the
boiler.
A modified mercury-inlet-plug insert was installed in the boiler
to replace the original plug. The geometry of the preheating region of the modi-
fied plug insert was changed to increase the liquid-mercury flow rate from 0.91 to
6.22 fps. A test run with the modified plug showed an immediate heat-transfer im-
provement in the inlet-plug region and completion of mercury boiling at a length
of 30 ft. Considerable conditioning was noted during the subsequent 16 hours of
operation. The boiler was then shut down and restarted to confirm the conditioning
phenomena. Upon restarting, it exhibited the same heat transfer and stable boiling
performance as before.
A boiler-inlet-plug test program was initiated. Four different
I
instrumented plugs were tested for design evaluation, and a run was also made with-
out a plug insert.
The corrosion patterns produced in these tests indicate that the
increased liquid velocity and improved boiler performance caused noticeable corro-
sion in plug regions with operating times as short as i00 hours.
It was also found that the clearance between the inner surface
of the boiler tubing and the outside of the plug was critical. If this clearance
is not controlled, the differential pressure and liquid velocity in the tight-
pitch region of the plug will be reduced because of bypass flow.
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C. RELIABILITY
i. Manasement and Control
Discussions with NASA representatives were held and agreement
was reached on technical revisions to reliability elements of proposed SNAP-8
Specification 417-4a.
An updated coordination draft of the SNAP-8 Reliability Program
Plan (Reference 42) was completed and forwarded to NASA for review and comment.
Because of changes that evolved in the SNAP-8 program shortly thereafter, NASA
and Aerojet representatives agreed that this document should be placed on file and
used as a working reference. This agreement is still in effect.
Meetings of the NS/PCS Reliability Working Group were held at AI,
Canoga Park, on 23 November and 17 December 1964 to establish the technical bases
for apportioning the NPS reliability goal of 0.90 to its NS and PCS subsystems.
Agreements reached are detailed in Table VI-I. These agreements were subsequently
approved by cognizant Aerojet/Al SNAP-8 personnel at the 12 January 1965 Aerojet/
AI SNAP-8 Project Coordination meeting held at the Von Karman Center, Azusa. Ac-
cordingly, reliability goals of 0.962 and 0.936 were established for the NS and
PCS, respectively.
The Task Work Statement wa_ revised oH 18 February to document
those reliability subtasks to be carried out in the SNAP-8 phase-out program.
Provision of technical support to the SNAP-8 Division on special reliability prob-
lems, continuation of a failure reporting system, and assessment of achieved
(demonstrated) reliability were the principal rem_nin_ subtasks
2. Reliability Statistics
The following technical memoranda were completed and issued:
"Merits of Extending GPS and PCS Endurance Test Time
Beyond i0,000 Hours with Criteria for Estimating Mini-
mum Desired Endurance Testing Times," (Reference 43)
"Criteria for Forecasting the Number of Component
Spares Required to Complete Long-Term System Endurance
Tests When Components Fail Due to Random or Chance
Type Causes," (Reference 44)
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"Reliability Survey of Dynamic Systems (Interim Report),"
(Reference 45)
"SNAP-8 Rated Power Loop No. 2 Event Summary, 6/1/64 -
4/1/65," (Reference 46)
Reliability support to SNAP-8 program activities included (a)
performance evaluation of the TAA, (b) identification of recurring problems in
test loop instrumentation, (c) investigation of the relative merits of two types
of testing programs, (d) improvement of test operations, (e) improvement of test
event documentation, (f) reliability of Swagelok fittings in NaK instrumentation
systems, (g) estimation of the number of component spares required to complete
lO,O00-hr endurance tests, and (h) investigation of the frequency of leaks in NaK
loops in RPL-2 and LNL-3.
3. Reliability Design Engineering
This reliability subtask was discontinued on 1 February 1965
because of revisions in the SNAP-8 program.
4. Operations Evaluation and Failure Analysis
A new and simplified failure report form (Form No. 10-052-122)
was developed and implemented with the aid of SNAP-8 Division Procedure No. VI-A4a,
"Failure Reporting," dated 20 May 1965. This new form was implemented on 1 June
1965. Experience gained in the use of this form during June indicates that future
failure reporting will be greatly simplified, and documentation coverage signifi-
cantly improved.
Reliability personnel continued to monitor SNAP-8 testing activi-
ties at the Von Karman Center and to participate in the reporting, analysis, and
corrective action of equipment failures. General information on the failures re-
ported during this semiannual report period is summarized in Table VI-2.
Eighty-eight test equipment drawings, one test specification,
and three test requests were reviewed for compatibility with SNAP-8 test relia-
bility requirements. Areas of incompatibility were reviewed with cognizant
personnel, and the required corrective action initiated.
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Reliability review of test equipment drawings was discontinued
on i February 1965 as a result of changes in the SNAP-8 program.
5. Supplier Reliability Control and Liaison
This reliability subtask was discontinued as of i February 1965.
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TABLE VI-I
CRITERIA FOR APPORTIONING NPS
RELIABILITY REQUI_S TO THE NS AND PCS*
i.
.
o
NPS Apportionment
The 0.90 reliability goal for the NPS shall be apportioned at the
approximate PCS/NSunreliability ratio of 5/3 - specifically to an
NS goal of 0.962 and a PCS goal of 0.936.
Flexibility of NS/PCSApportionment
The above apportionment of the 0.90 NPS reliability goal shall be
subject to re-negotiation between Aerojet and AI if any of the follow-
ing conditions arise:
a. Revision of the reliability goal obligation as imposed by the
contracting agencies.
b. Major design changes to the NS or PCS which materially aiber
the basis for the apportionment.
el Significant differences between the reliability achievement
and the goal established for either system (for example, an
unexpected technical difficulty or resolution of a major
problem area).
NS and PCS Subsystem Apportionment
Further subdivision of the above NS and PCS goals to subsystem or
components shall be the sole responsibility of AI and Aerojet,
respectively.
Criteria developed in NS/PCS Reliability Working Group meetings held at AI,
Canoga Park, 23 November and 17 December 1964. These criteria were approved
by Aerojet and AI at the 12 January 1965 Aerojet/Al SNAP-8 Project Coordina-
tion Meeting held at the Von Earman Center in Azusa.
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Fai lure
Date of Report
Failure No.
19 Nov 64 1225
22 Nov 64 1226
22 Nov 64 1227
6 Jan 65 1211
4 Feb 65 o882
ii Feb 65 1229
16 Feb 65 1230
26 Feb 65 1231
2 Mar 65 1220
3 Mar 65 1233
]2 Mar 65 1213
29 Mar 65 1208
i Apr 65 1234
29 Mar d5 0505
i Apr o5 1257
Failed Part Name
and Number
Chempump, Mercury
CFHT-7 1/2-6S
S/N12878-3
Chemp_np, Mercury
CFHT-IOK-575-6S
s/N1343o-1
HEV-15 Valve
_noe3/4in.
120]M
S/N 43161-14
Mounting Clamp
No. MBC 60522C
L/C PMA, 253800-3
S/N 48505 (TRW)
NaK PMA No.
09_200-i
S/N i-i
N/N Heat Exeh
09_607-1
S/NA-l
_M Pump
5O1O14
Inlet Line
Prim NaK Purif
E 1OO686
NaK PMA
09_200-13A
S/N A-I
Inlet Line
HRL NaK Purif
E 100686
Bellows Assy
MPMA Liftoff Seal
094872 S/N A-I
Line Heaters
LCH-I, Type
TXA-47
Arco-Vec Inc.
i/2 in. Mercury
Hand Valve, Fulton
No. 16726
NaK PMA
093200-13
S/N A-2
-i Boiler
092020-I-F
S/N A-I
TABLE VI-2
SNAP-8 FAILURE _Y REPORT
Description of Failure
Approximately 7 hr after adding Rb
to RPL-2 merucry loop chempump
bearing, the temperature exceeded
operation recommendations. Temper-
ature could not be brought down.
Mercury chempump failed to rotate
on startup after approximately 15
hr of operation.
RPL-2, HRL valve stuck in closed
position.
Failure
Classif
Incid
Ineid
Incid
During L/C PMA environmental test
resonance frequency scan, the
motor end mounting clamp broke.
Minor
Pump failed to restart after shut- Major
down in LNL-3 (_51 hr of opera-
tion).
Heat exchanger cracked at primary Incid
system outlet at interface joint
to RPL-2 TSE piping (considered
TSE failure).
Holes were noted through pump tube Incid
in area where bus bar attaches to
suction end of pump (RPL-2 primary
NaK system)
RPL-2 primary NaK inlet line, to Incld
purification system: section burnt
away by NaK fire. Line heater left
on after loop shutdown.
After 31-5 hr of testing in LNL-3, Major
NaK leaks were noted from the pump
discharge conoseal (welded) and
one from pump casting body.
RPL-2 heat rejection loop NaK line Incid
to purification system failed
during operation. Considerable
damage from resulting fire. Line
heater failure.
During testing in RPL-2, MPMA lift- Major
off seal assembly bellows failed,
allowing mercury to leak into space
seal area; 1200 ib mercury inventory
was lost.
After_l hr of operation in SL-1, Incid
L/C loop, two line heater elements
failed open and a third element in-
creased resistance.
Mercury leak from stem of valve,
indicating bellows failure.
NaK leak from pump housing, but
testing continued. Plant power
failure shut down loop, and pump
could not be restarted ( + 194 hr
test time, LNL-3).
Mercury inlet orifice sheared when
attempt made to remove it for
inspection. Lower RH orifice
assembly RPL-2.
Incid
Major
Minor
Failure
Analysis
No
No
No
Yes
Yes
No
No
No
Yes
No
Yes
No
No
Yes
No
Period Covering 16 November 1964 to i July 1965
StatUs/Remarks
Bearing and sleeve damage after approximately 604
hr operation. No further action planned.
Bearings and sleeves damaged; Rotor can scored at
pump end. No further action planned.
Valve steam bellows seal failed, allowing NaK to
fill stem cavity and hydraulic lock valve. Valve
scrapped. Control parts salvaged. No further
action planned_
Mounting clamps temporary fixed. All units now
have new design changes incorporated. Re-test
to be performed and final report to be made.
Initial investigation disclosed NaK leak in
housing, and bearing bound up.
Interface weld joint failed due to poor design
of joint and excessive pipe thermal loads.
Unit removed from loop. No further testing in
RPL-2.
Probably caused by air in system, allowing arcing
to burn through tube. Vendor evaluation report
requested but not received to date.
Human error. New line heater control system
installed on al] llne heaters and revised in-
stallation methods. No further action required.
Newly designed housing using forging and fewer
weld joints is being readied for test and evalua-
tion in July 1965. Follow-up required.
Line heater overheated, shorting out and burning
holes in piping. All llne heater installations
now have temperature and current control.
Vendors failure cause investigation and verbal
report; insufficient fusion weld of bellows
convolution was indicated. New methods to accomp-
lish this function being evaluated by design.
Insulation nmterial was found to completely insu-
late heater elements from piping, causing hot
spots and failure. Installation methods revised
to eliminate problem.
Bench check showed leak past seat. Disassembled
valve inspection of bellows did not indicate
bellows failure. V:lve replaced wlth llke unit.
Follow-up required.
Failure of this part has no effect on component
perfornmnce (used primarily to facilitate
fabrication).
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Failure
Date of Report
Failure No.
27 Apr 65 1533
24 Apr 65 1534
4 May 65 1535
23 May 65 1238
24 May 65 1242
24May 65 1240
25 May 65 1241
4 Jun 65 0401
7 Jun 65 0127
ii Jun 65 0126
17 Jun 65 0101
(New
22 Jun 65 0103
25 Jun 65 0132
25 Jun 65 0449
25 Jun 65 0450
23 Jun 65 0104
Failed Part Name
and Number
Line Heater
NPH-16 (100 w)
Aero Research
No. 1A048_7-4M
HRP-I Chempump
No. GET 15K-34-35
s/N 13083-1
HRP-I Chempump
No. GET-7 i/2
K-2525-3S
S/N 13039-1
MPMA Liftoff Seal
Bellows
No. 094872
Mercury Filter
Gasket, Flexitallic
No. 33O31-38
Cuno Eng. Co.
Barton ZkP (0-50)
Gage. S/N 200-
19320
Pressure Transducer
CEC Model No.
170119-0105
Resistor, 900 l_
RH-10, Dale
Electronics
Conoseal Assembly
MFC 598O3-5
Aeroquip
SV-4 Solenoid
Valve 54600-40
S/N-12
EMPu_.p No.
501014
S/N 565
TAA
o9_ooo-5
S/N 3
Pressure Transducer
Type 170119-D105.
c_ s/N 1196
Mercury Pressure
Transducer Type
170119-0!05, CEC
S/N (see remrks)
Pressure Transducer
Type 170119-0105,
CEC S/N I189
Valve H_V-3
Honeywell
43162-iA
TABLE 9"I-2 (cont.)
Description of Failure
During SL-1 NaK purification system
operation, line heater failed open
after approxinmtely 24 hr of opera-
tion.
During first wet checkout of SL-1, Ineid
HR loop chempump froze up after
4 sec of operation. Restart
attempts showed no rotation.
After approximately 13 hr of opera- Incid
tlen in SL-1, HR loop pump thermo
cutout opened control circuit.
Restart attempts failed.
During startup of RPL-2 mercury Major
loop, mercury inventory (_210 lb)
was noticed in space seal drain
trap, indicating bellows failure.
Mercury leak from mercury liquid Incid
filter gasket during RPL-2 opera-
tion.
Failure
Classif
Incid
During RPL-2 operation, mereul_y Incid
leak noted at rear of _ahP279
Visual Barton gage.
During RPL-2 operation, mercury Incid
leak noted in vicinity of P29
transducer.
No undervoltage alarm during _.i._c_
RPL-2 operation. Override acti-
vated to continue testing. Found
resistor FO open in 095521-1 pro-
tectlve system assembly.
Conoseal flange NaK leak in SL-1 Incld
heat rejection system. Small
NaK flre. Loop fitted but static.
During mercury system startup in Incid
SL-1 MPMA L/C system, _alve SV-4
did not open on denmnd, causing
flooding of mercury pump spare
seal and merc,_ system.
During RPL-2 operation, the heat Incid
rejection loop EM pump circuit
breaker opened, shutting down
the loop. _&mp cn_] shorted by
NaK from a leak in pump tube
near inlet coil.
Approxi_tely 2 min after test Major
startup in RPL-2, the TAA came to
an abrupt halt.
P2i8 d_¢elcpcd merc_y leak Incid
during operation of SL-1 mercury
loop. Loop shutdown.
Six mercury pressure transducers Ineid
were found in SL-1 to be of a type
not compatible with mercury
service. No visible leakage.
P219 transducer w_s noticed to be Ineid
leaking mercury after shutdown
during inspection/cleanup.
NaK leak from stem of valve noted Incld
during P/_L-2 repairs. Valve had
been blocked open for some time.
Failure
Analysis
No
No
No
Yes
No
No
No
N_
No
No
No
Yes
No
No
No
No
Status/Remarks
Inspection of failed element indicated it had
been reformed, which resulted in short life. No
further action required.
Front bearing and journal frozen. Rotor damaged.
Pump removed and replaced. Returned to vendor
for evaluation and repair. No feed-back from
vendor to date.
Chempump removed and replaced with EM pump.
Materials and design investigation performed.
Final design analysis report to be completed.
Mercury supply line valved off to continue
testing. MFMA removed from loop on 25 Jun 65
for teardown and inspection. Follow-up.
Scoring on gasket caused leak. Gasket elimina-
ted by revising filter and piping. No further
action required.
Bench leak check showed leaks at gage diaphragm
case seal and at inlet fitting weld Joint. No
replacement available.
leak past diaphragm. Vendor investigation showed
silver-plated seal used in assembly of these
transducers (see FR No. O132 dated 25 Jun 65).
Found failed resistor which w_s replaced on
23 Jun 65. ranaum _ fail,re No 9art bet
action required.
Replaced conoseal with pipe spool. Checked torque
on all conoseal assembly clamp bolts found 80_
loose. Further evaluation of application and
design required.
Operational test under pressure showed valve to
hang up when pressure was ll psg. Valve left in
system and operation procedure revised. New FR
to be initiated when replaced.
Pump removed and replaced. Failed pump decon-
taminated and returned to vendor. Vendor failure
evaluation report requested (see RFE No. 1230
remarks).
TAA removed and disassembled. Investigation and
analysis of failure in progress.
Silver-plated seal not compatible for mercury
application. Removed and replaced with a different
type unit.
Removed and reylaced P902, S/N 1083, P909, S/N
i109, P916, S/N ll61. Deleted from mercury loop
were P223, S/N 1071, P228, S/N 1186, and P229,
S/N 1185.
Transducer removed and replaced with one rated
for mercury service.
Valve removed, disassembled, and inspected.
Bellows leaked. Apparent poor quality workman-
ship. Valve usable, parts to be salvaged.
No further action.
Table VI-2
Sheet 2 of 2
Report No. ]5053
1
\
\
\
\
%\
%\
• %%
\%' \\ _
"x-,
• " o o " o 6
'NI -- NOIJ.l$Od ::IDI..II_IO::IANVA
I
t.-
z
u_
,-r
o
o
u.
o
a: .._
LL.
° U _
o__
-_o oo
r_
o
_O
•_ O_
o
O _
4 _ r3
0 -el
_4._
_ m
,--I O
O "_
N4-_
4._ IIJ
O4-_
_ 0
N
O _
,-t O
N m
Figure VI-I
Report No. 3053
r--
I
"NI -- NOIll$Od 9NIN::IdO :1:31:11>10 :IATVA
o
o
o
Figure VI-2
5OO
Report No. 3053
a.
I
Q.
O
a
,H
_J
29O
100
I_O0 _ j
1oooo ._ _....__._
I 8000 _'-_ I
_-- __._ ..r_ TOLERANCE
6000 ___ "fMITS
_o /_ 4ooo,P_,
2000
0
0 100 200 290 400 500 600
VALVE OPENING TIME -- SEC
Redefined Mercury Flov Control Valve Characteristics
as a Function of Time (Revised to Include
-1 Component Test Data and -1 Mercury Pump_lth Trimmed Impeller)
Figure VI-3
Report No. 3053
I _
I °U
I
_1H/8"1 £OL -- :aJ.V_I MO'I-I )iVN
Figure VI-4
Report No. 3053
| ll
I l
I l
0
0
I
I
I
I
I
l
l
l
l
0 o o
o o o o o 0 0 00
-Io -- ::I_N.LV_J::IdW::I.I.)iVH
0
0
Figure VI-5
Report No. 3053
$33_g30 - gV'l 3$YHd
0 0 0 _ 0
J | 0 o m i | 0 |
0
©
0
0
I
0
4o
ID
bO
llJ
4-_
r-'t
0
I>
0
30VJ.'IO^ _10_1_1_
30VJ.'IO^ "IVNI_I=IJ. gO - NOI.LVI3N3.I.J.V
o
Figure VI-6
A_o.rroK ............ *_4 _ J71m
u_t _,_ _ ._'___ _- ,_.o 6o
_*'r_[_ _oss ....... s*4Kw s_l _w
I
1
_cc_c_,Y _z_o_ ....... _gm _L_O_ I
U¢ _ ._'_0_ C---- --
_E
..... _ ,,-_---_____ J
"rummK _ (._m_
i
MEAT LOSS
tt
I--'--']__i,.,._ ] LO6_ICAkG/COOLANT LOOP {_ _)
"_\_-°"iI'°- i
t t
MEI_CUI_Y LOOP
o,,--, I t .L II
) ,
.... i
£
Report No. 5053
P .....
I
I
I
I
I
I
iii! ii-'._-_ .i__ _ii
I-7- , .... , \I_.I\F . LI --_|_,1_11-- I
SNAP-8 Reference System Schematic Diagram (Revision E)
3
Figure VI-7
Report No. 3053
<I
o
co
o
_o
o -_
co oJ
ko
oo
o
Lfh
_o
ko
co
o_
oo ko
o _ -_
co _
_.) I
Cd _
o_ _ _._o
oJ_
I
E-_
kO O
oO D_
co _-
_O
O O_
CO Lf_
Figure VI-8
OReport No. 3053
• • •
Figure VI-9
O
Report No. 3053
I
l
/
I
I
!
I
!
I
%
I
I
!
I
|.
m _eeD _
ee_ a
o
cO
¢.)O0 m
m
Z
m
0
n
n_
n_
0
oo
OJr_
A
O m
.H
r---tr.a
_ 4._
m m
O
u1
i1)
.r--I
4._
0
I
aJ
%
OOI X (NOIIVI A3(] G_VGNVIS -IVNO119V_J_-I)
Figure VI-IO
Report No. 3053
I
i,
,-?-'
II
41_
1
f
o
,-I
_4
o
I_ •
al -4-
4_
m II
d
:.%
II
._. o.
-n , 1
X
D_ m
D a# o
o N wi
4_ 4-_ II
__ _-
4._
O
' I
I
I
I
, I
,o
o _"
00 _xl
I
Od
H
o _
0 0"_
oJ c) ,-t
_D
cO
_-I r-I
,--t r-t
kO
0 O_
ID m
-In ,-I l
_} I
{l_ l
t_
a_ o m
Figure VI-II
Report No. 3053
REFERENCES
i.
,
3_
.
e
.
.
,
.
i0.
ii.
12.
13.
14.
J. N. Hodgson, -i Model Auxiliary Start Loop Heat Exchanger (P/N 09_607)
Test_ D-3-Z-31_ February i0-ii_ 1965, Aerojet-General Corporation Report
No.'TM 4833:65-8-294, i0 May 1965.
J. N. Hodgson, Application of the -i Model Auxiliary Start Loop Heat
Exchanger (P/N 09_607) to the sNAP-8 System, Aerojet-General Corporation
Report No. TM 4833:65-i-300, 20 May 1965.
M. G. Cherry, Operation of Turbine-Alternator_ Assembly _/2 in RPL-2,
Aerojet-General Corporation Report No. TM4832:65-I-288, 30 April 1965.
C. S. Mah, PCS-I/SL-I System Power Output, Aerojet-General Corporation
Report No. TM 4842:65-1-290, 3 March 1965.
W. M. Kauffman, R. W. Barret, Status of the SNAP-8 NS/PCS Integration Plan
as of February 1965, Aerojet-General Corporation Report No. TM 4802:65-0-299,
25 May 1965.
P. I. Wood, L. P. Lopez, Evaluation of the Need for Combined Nuclear
System/Power Conversion System Test in the SNAP-8 Phase-Out Program,
Aerojet-General Corporation Report No. TM 4921:65-0-306 , 21May 1965,
Revised: 9 June 1965.
L. R. Favero, Operation of Pump Motor Assemblies in the Ground Prototype
System, Aerojet-General Corporation Report No. TM 4851:65-1-265, 19
January 1965.
J. N. Hodgson, A. H. Kreeger, L. B. Kelly, Analysis of -i Boiler Perfor-
mance with Rubidium Additions to Mercury, Aerojet-General Corporation
Report No. TM 4833:65-1-287, 24 March 1965.
SNAP-8 Electrical Generatin5 System Development Program, Aerojet-General
Corporation Report No. 0390-04-16 , June 1964.
SNAP-8 Electrical Generating System Development Prosram, Aerojet-General
Corporation Report No. 0390-04-17 , October 1964.
SNAP-8 Electrical Generating System Development Prosram, Aerojet-General
Corporation Report No. 0390-04-18 , January 1965.
SNAP-8 Electrical Generatin_ System Development Prosram, Aerojet-General
Corporation Report No. 0390-04-15 , March 1964.
W. M. Waters, C. P. Colker, Performance of a Tapered Runner with Tilting
Pad Shoes in the Thrust Bearin_ of the SNAP-8 NaK Pump-Motor Assembly,
Aerojet-General Corporation Report No. TM 4932:65-1-304, 21 May 1965.
C. L. Foss, Primary NaK Pump and Primary Pump-Motor Assembly Phase II
Test Report, Aerojet-General Corporation Report No. 4832-65-00003,
26 March 1965.
R-I
Report No. 3053
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
REFERENCES (cont.)
C. L. Foss, D. K. Yoshikawa, NaK PMA Recirculation Pumps Design, Aerojet-
f , --
General Corporation Report No. TM 4832_o5-2-266, 22 January 1965.
D. K. Yoshikawa, C. L. Foss, NaK PMA Impeller Bolt, Aerojet-General
Corporation Report No. TM 4832_65-2-267, 25 February 1965.
K. D. Yoshikawa, NaK PMA Pump-Motor Mounting Pin Analysis, Aerojet-
General Corporation Report No. TM 4832_65-i-268, 25 January 1965.
C. L. Foss, D. K. Yoshikawa, Primary NaK Pump Hydraulic Design, Aerojet-
General Corporation Report No. TM 4832:65-2-269, 26 January 1965.
R. A. Cundiff, Comments on NaK P_ Cold Trap Heat Exchanger Design
(Calculations)_ Aerojet-General Corporation Report No. TM 4932:65-2-273,
24 May 1965.
R. Ao Cundiff, Determination of Tolerances and Concentricities in the
Motor Housing Assembly of the NaK Pump-Motor Assembly, Aerojet-General
Corporation Report No. TM 4932:65-2-274, 24 May 1965.
R. A. Cundiff, Housing and Shaft Axial Thermal Expansions in Heat Rejection
Loop and Primary Loop Pump-Motor Assemblies, Aerojet-General Corporation
Report No. TM 4932:65-2-275, 21 May 1965.
R. A. Cundiff, Journal Sleeve Stresses on the NaK Pump-Motor Assembly
Usin_ Lapelloy and 9Cr-IMo Shafts and Tool Steel Sleeves, Aerojet-General
Corporation Report No. 4932_65-2-276, 2h May 1965.
R. A. Cundiff, NaK PMA Recirculation System Design, Aerojet-General
Corporation Report No. TM 4932_65-2-277, 24 May 1965.
R. A. Cundiff, NaK PMA Interference Fits, Aerojet-General Corporation
Report No. TM 4932_65-2-275, 2S May 1965.
R. A. Cundiff, NaK PMA Rotor Assembly-Shaft Stresses, Aerojet-General
Corporation Report No. TM 4932_65-2-279, 21 May 1965.
R. A. Cundiff, NaK PMA Recirculation Components - Shaft Assembly and
Operational Stresses , Aerojet-General Corporation Report No. TM 49_2:65-
2-280, 24 May 1965.
R. A. Cundiff, Estimated System Pressure Losses in the NaK PMA Recirculation
Lo__q_,Aerojet-General Corporation Report No. TM 4932:65-2-281, 21 May 1965.
R. A. Cundiff, NaK _A Thrust Bearing Locknut Torque at Assembly and Thrust
Bearing Anti-Rotation Pin Stresses, Aerojet-General Corporation Report No.
TM 4932:65-2-282, 24 May 19o_.
C. L. Foss, Design Calculations on the Centrifugal Pump for the SNAP-8
Heat ReSection Loop, Aerojet-Ceneral Corporation Report No. TM 4932:65-2-
303, 21 May 1965.
R-2
Report No. 3053
REFERENCES (cont.)
30.
31.
32.
33.
34.
35.
36.
37.
40.
41.
42.
43.
E. M. Corbin, S. Krikopulo, and E. F. Hafen, Stress Analyses on the NaK
Pump-Motor Assemblies, Aerojet-General Corporation Report No. 4932:65-2-305,
21 May 1965.
R. G. Geimer, Preliminary Startup and Shutdown Investigations of SNAP-8
Reference System (Revision "D"), Aerojet-General Corporation Report No.
TM 4851:65-1-295, 26 March 1965.
E. B. Bridges, SNAP-8 Mercury Pump-Motor Assembly Thermal Analysis, Aerojet-
General Corporation Report No. TM395:64-I-208 , 20 Febraary 1964.
N. Hodgson, L. B. Kelly, A. H. Kreeger, Performance Analysis on the
Jl--Boiler Conditioning RPL-2 Run Numbers D-_-Z-I_ of 9/18/64 through
i0/i_/64_ Plus D-_-Z-16 of 10/16/64, Aerojet-General Corporation Report
No. TM 4833:64-8-259, 18 December 1964.
Flow Stability in Multitube Forced Convection Boilers, AiResearch Report
No. L-9443, October 1964.
A. J. Sellers, SNAP-8 Tube-in-Tube (TIT) Boiler Design Analysis (Ref.
Dwg. L097306), Aerojet-General Corporation Report No. TM 4803:65-2-223,
February 1965.
I. P. Wishney, _Analysis of the SNAP-8 Speed Control System, Aerojet-General
Corporation Report No. TM 4851:65-1-296, 26 March 1965.
R. G. Geimer, Preliminary Startup and Shutdown Investigations of SNAP-8
Reference System (Revision "D"), Aerojet-General Corporation Report No.
TM 4851:65-i-295, 26 March 1965.
I. P. Wishney, 0_ Cit.
M. G. Goldstein, Gyroscopic Effects of Rectangular Liquid Metal Loops,
Aerojet-General Corporation Report No. TM 4851:64-1-260, 21 December 1964.
C. L. Svoboda, Analysis of the Operating Range of the SNAP-8 Reference
System (Supplement), Aerojet-General Corporation Report No. TM340:64-I-238
(Supplement A), 12 January 1965.
H. Derow and B. E. Farwell, SNAP-8 Materials Report for January-June 1965,
Aerojet-General Corporation Report No. 3038, July 1965.
Reliability Program Plan for the SNAP-8 Program, Aerojet-General Corpora-
tion Report No. 2406, June 1963.
D. E. Hartvigsen, Merits of Extendin_ GPS and PCS Endurance Test Time Beyond
i0_000 Hours_ with Criteria for Estimatin_ Minimum Desired Endurance Testing
Times, Aerojet-General Corporation Report No. TM h804:65-3-272, 26 February
R-3
Report No. 3O53
I
44.
45.
_-6e
REFERENCES (cont.)
A. L. Fangmeyer and D. E. Hartvigsen, Criteria for Forecastin_ the Number
of Component S_ares ReQuired to Complete Lon_ Term System Endurance Tests
when Components Fail Due to Random or Chance Ty_e Causes, Aerojet-General
Corporation Report No. TM 4804:65-8-298, 14 April 1965.
H. E. Rice and D. E. Hartvigsen, Reliability Survey of Dynamic Systems
(Interim Report), Aerojet-General Corporation Report No. TM 4922:65-3-302,
18 May 1965.
H. E. Rice and D. E. Hartvigsen, SNAP-8 Rated Power Loop No. 2 Event
Summary 6/1/64 - 4/i/6_, Aerojet-General Corporation Report No.
TM 4922:65-3-308, 30 June 1965.
R-4
Report No. 3053
APPENDIX
SPACE SEAL PERFOEMANCEWITH RUBIDIUM
The use of rubidium (Rb) as an additive to promote boiler wetting in SNAP-8
presents several possible side effects. Of major concern are the effects of
a dilute Rb-Hg amalgam and Eb oxides on space seal performance. The following
questions arise with respect to the space seal area:
1. Could the difference in vapor pressure of mercury and rubidium cause
a leakage rate of mercury sufficiently greater than that of Rb to result in an
increase in Rb concentration in the seal area?
2. Could the increase in Rb concentration reach 7 wt_, which is suffi-
cient to begin formation of a solid at the nominal seal operating temperature?
3- Could the change in viscosity raise the seal heat losses and result
in higher temperatures and greater leakage rates to space?
4. Could having the mercury wet the seal area surfaces increase the
leakage to space?
5. Could the tendency of Rb to scavenge oxides from throughout the
system result in a harmful building of oxides in the seal area?
Questions i through 3 are amenable to analytical treatment and are discussed
quantitatively below. Questions 4 and 5 are less straightforward, but they are
nevertheless given to qualitative analysis, the conclusions of which are also
included below. This subject is covered more completely in Reference A-I.
I. TAA SEAL-TO-SPACE Rb BUILDUP
The question of equilibrium Rb concentration is answered by establishing a
flow-rate balance between the different modes by which mercury and Rb pass the
seal area boundaries. Each fluid has access to space through the molecular pump.
Having considerably different molecular weights, the Hg and Rb are affected
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differently by the molecular pump; fortunately, this difference is beneficial in
that Rbpasses through the molecular pumpwith more ease than mercury. Also, as
the Rb concentration increases, a diffusion gradient is developed which allows
Rb to leave the seal area at the entrance end of the seal.
Figure A-I presents the concentrations of rubidium that will result for
various concentrations of rubidium in the system. The abscissa of Figure A-I
represents the mole fraction of Rb that will exist in the seal area at a given
temperature and system Rb concentration. It is apparent that, for very high
system Rb concentrations, it is possible to form part-solid mixtures in the
seal. However, at the concentration values actually used in the system, the
Rb concentration remains distant from the solid lines.
The curves of Figure A-I do not reflect the exact operating line for varying
system Rb concentrations. The operating line is a function of the operating
temperatures which, in turn, are a function of the viscosity and density of
the amalgam. To obtain the operating line, viscosity and density were evaluated
as functions of amalgamcomposition. Making the conservative assumption that
all changes in heat generation are reflected in a temperature change, an operating
line can be generated.
The seal operating line is shownin Figure A-I. It is seen that a system
concentration of 1%Rb is necessary before any solid is formed. A typical system
concentration is 0.1%, which represents no danger whatsoever from solid formation.
I_ is also evident that the seal-operating temperature does not increase because
of using Rb. In going from zero to 1.0% system Hb concentration, the temperature
decreases about 7°F.
II. MERCURY PMA SEAL-T0-SPACE Rb BUILDUP
The mercury PMA has an even more favorable reaction to Rb than does the TAA.
The mercury PMA has a more effective molecular pump due to the smaller running
clearance used. Consequently, the leakage to space of mercury and rubidium is
in amounts that do not cause a buildup of Rb in the seal area. In fact, the
seal area in all probability has a slightly lower concentration of rubidium
than does the system itself.
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III. EFFECT 0F_TiNG ON SEAL LEAKAGE
_!_e question of increased space leakage due to mercury becoming a wetting
agent cannot be fully answered. However, there are some test data which indicate
that no potential problem exists. Zne early seal-simulator tests in the seal-to-
space test program were run with no Teflon coating on the oil slingers, which is
analogous to the design of the TAAo These tests showed low oil leakage, indicating
that oil films do not extensively creep through the seal due to wetting. Further-
more, there is a possibility that the mercury _n the seal area will never wet.
All oil diffusion into the mercury loop must pass through the mercury space seal.
Although this quantity of oil may be insignificant in the total mercury loop, it
is possible that a sufficient concentration exists in the seal area to counter-
act the wettability achieved by the rubidium.
IV. Rb OXDE FORMaTiON IN TAA SEAL
A homogeneous mixture of mercury and rubidium oxides could have a deleterious
effect on space seal performance. The oxides of rubidi_m are solids, which, if
mixed with mercury, could cause a considerable increase in viscosity with a re-
sultant increase in ten_erature and higher leakage to space. However, it is
not considered that a homogeneous mixture of mercury and rubidium will ever form
in the seal area. Rather, what ocides might gather in the seal are expected to
be localized and incapable of effecting a viscosity change.
First of all, for oxides to reach the seal area, they must pass through the
centrifugally induced gravity gradient from the turbine wheel periphery to the
shaft diameter. Being solid particles, the oxides will likely experience diffi-
culty passing through the much lower density mercury vapor. However, granting
that the oxides do reach the seal, they would then be subject to the density
gradient of the visco seal. Since liquid mercury is much more dense than
rubidium oxides, the oxides "float" _o_rd the seal entrance. In other words,
the oxides are restrained from mixing with the mercury. Instead, they gather
at the seal entrance and never pass into the mercury.
V. RUB_,_DIUM OXIDE F0_TiON IN _RC_Y PMA SEAL
The situation in the mercury PMA seal is essentially the reverse of that
in the TAA seal. The _isco se_l in the mercury PMA is not a herringbone type as
A_3
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contained in the TAA. Therefore, there is no density gradient to restrain
oxides from entering the seal. On the contrary, the visco seal will actually
"float" the oxides through the seal over the liquid-vapor interface. Thus, the
mercury PMAmay likely accumulate oxides at the liquid-vapor interface. This
situation is probably quite acceptable, perhaps even beneficial with regard to
space leakage. The important factor is that the oxides are encouraged to pass
through the seal and not to accumulate in the mercury which might cause a
viscosity increase. As the oxides accumulate at the interface, the most probable
effect is a scum at the interface which reduces the rate of mercury leakage to
space. And, as the mercury leakage decreases, the rate at which new mercury
and associated oxides are allowed to enter the seal is correspondingly decreased.
In summary, there appear to be no problems associated with seal performance
with regard to the use of Rb as a wetting agent. The accumulation of _b in the
TAA seal does not cause concentrations n_ar the values required for solid forma-
tion. The mercury PMA appears likely to operate with Rb concentrations even lower
than in the rest of the system. Both the TAA and mercury PMA experience no
temperature increase due to the presence of Rb. The TAA, in fact, operates
slightly cooler and passes slightly less mercury to space as a result of the Rb.
Whether the mercury in the seal area will wet and cause an increase in
leakage is not known. However, there is experimental inference that no increase
in leakage will occur. Furthermore, wetting may be inhibited in the seal area
due to the presence of oil.
Rubidium oxides, if present, are expected to localize at the extremities
of _he liquid mercury sections of the seals. As such, the oxides are incapable
of causing changes in mercury viscosity. The localized quantities of oxide are
not expected to hinder seal performance.
i.
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